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Abstract
Thin-film nanocomposite (TFN) desalination membranes were prepared based on a
polyethersulfone (PES) support, where the polyamide (PA) layer was embedded with aminefunctionalized graphene oxide (GO). The effect of adding various concentrations of
functionalized and un-functionalized GO on the desalination performance, hydrophilicity,
and morphology of the membranes was additionally assessed throughout this work. Scanning
electron microscopy (SEM) measurements were used to assess the morphology of the
membranes in combination with Brunauer-Emmett-Teller (BET) analysis. Contact angle
measurements were used to gauge the hydrophilicity of the synthesized membranes. The
membrane with the best desalination performance contained 1x10-3 wt/vol% of functionalized
GO in the PA layer-achieving a 42% improvement in the water flux and a 5.23% compromise
in the salt rejection of Na2SO4 compared to a blank thin-film composite (TFC) membrane. The
combined use of a PES support with amine-functionalized GO embedded in the PA layer is a
novel feature of this work.
The first stage entailed the optimization of the PES support layer in order to yield a high pure
water permeability (PWP). The support formulation with the highest PWP contained 15 wt%
PES and 2.5 wt% polyvinylpyrrolidone (PVP) pore-forming additive. Following this, multiple
trials were undergone to produce a PA layer atop the support with the goal of achieving a high
salt rejection, before embedding the un-functionalized GO nanomaterials. The PA layer with
the highest salt rejection was synthesized using a vacuum filtration technique combined with
a sealed mold technique and gave a 97.5% salt rejection of an Na2SO4 solution. Following this
step, various concentrations of plain GO were added to the PA layer to find the optimal
concentration to incorporate the functionalized GO. Afterwards, the GO was modified with
an amine moiety using a carboxyl-activating agent. The success of the functionalization
reaction was assessed using FT-IR, Raman, and TEM measurements. Finally, the
functionalized GO was added to the PA layer to yield a novel membrane formulation (fTFN).
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Chapter 1
Introduction
1.1 Motivation
Water scarcity is a critical issue at the forefront of numerous governmental research efforts.
Many nations have focused their attention on solving the problem of water insecurity, and
finding energy-efficient approaches to address this issue.1 Egypt, for example, is currently well
below the UN-defined criterion for water insufficiency of 1000 m3/capita/year.2 According to
a 2021 article, Egypt was found to have an annual water supply of 560 m3/capita.3 This water
insufficiency is expected to worsen, in part, due to the construction of the Grand Ethiopian
Renaissance Dam (GERD).4 However, for Egypt, water insecurity goes much deeper than the
GERD: The exponential growth of the Egyptian population over time is predicted to apply
unprecedented pressure to the country’s water needs.
A July 2021 paper published by Heggy et al. estimates Egypt’s overall annual water deficit to
fall between 24.7-36.5 billion cubic meters.5 This estimate includes the water consumed by
filling the GERD, the seepage of the water into the faulty rocks around the dam, as well as
Egypt’s inherent water deficit (assuming that no action is taken by the government). The
aforementioned sources highlight the gravity of Egypt’s water shortage and justify the need
for an efficient solution to the problem. Industrial large-scale desalination has been a
somewhat recent solution for tackling the global water insecurity issue, as 96.5% of the earth’s
water is found as seawater.6

Figure 1.1: A graphical illustration of the yearly growth of desalination plants in terms of number and
operational capacity (million m3/day). In addition, the illustration shows the split of desalination types:
Reverse Osmosis (RO), Multi-Stage Flashing (MSF), Multi-Effect Distillation (MED), and Electrodialysis
(ED).7
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1.2 Desalination Techniques
As can be seen from Figure 1.1 above, there is a worldwide growth in the number of installed
desalination plants over time. While RO plants appear to be in the lead in recent years, it is of
paramount importance to highlight other desalination technologies, as there are various
alternative solutions and innovations for water desalination that are used worldwide.
Desalination techniques can be broadly categorized into thermal technologies and membrane
technologies.8 The former method involves the application of heat to saltwater in order to
condense the resulting freshwater, while the latter method involves the use of membranes to
perform the salt separation. Thermal technologies typically include multi-stage flashing (MSF)
and multi-effect distillation (MED), and vapor compression distillation (VCD), while
membrane technologies typically entail reverse-osmosis (RO), forward osmosis (FO), and
electrodialysis (ED).7 Although the advent of thermal techniques preceded the introduction of
membrane technologies, MSF and MED only account for 17% and 7% of the world’s installed
desalination capacity, respectively.9 It is, however, crucial to introduce the theory and
background of common thermal techniques in order to understand the improvements
introduced by membrane technologies.

1.2.1 Thermal Technologies
Multi-stage flashing relies on the lowering of the saltwater boiling point as the pressure of the
chamber is decreased. By taking advantage of this phenomenon, the saline can be heated
before entering a low-pressure “flash” chamber, allowing the water from the heated saline to
evaporate, and the freshwater condensate to be collected. The principle of operation is
relatively simple: The saline feedwater is run through pipes that pass through multiple flash
chambers, and the feed is heated successively within each chamber. Following this, the heated
saline is directed back through each chamber for evaporation. By utilizing multiple flash
chambers of progressively lower pressure, the heated saline water is allowed to evaporate
within each flash chamber and can be condensed on the overhead pipes due to the
temperature difference between the gaseous water and the saline feed.10,11 As far as the
specifications of this desalination method, MSF is typically used to desalinate feedwater at
approximately 42,000-46,500 ppm, which is one of the many reasons that this method is
employed in the Middle East and Gulf area.11 MSF desalination benefits from a myriad of
advantages, including the relatively simple and straightforward operation of MSF
desalination plants, as well as the years of adjustments and experience gained in mitigating
inefficiencies, such as scaling and corrosion.10,12 Among the disadvantages of MSF, however,
is the high energy input of 13.5-25.5 kWh/m3, rendering this method one of the most energy
expensive desalination methods. Another major disadvantage of this method is the lack of
control of the temperature of the feed seawater, as well as the large operating costs for the
extensive use of scaling agents and other chemical additives.10
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Multi-effect distillation (MED) is an alternative method for water desalination that is in
contention with MSF due to its lower energy cost. The operation of this method involves the
spraying of the seawater feed onto heated pipes in one chamber, which induces the
evaporation of the freshwater only. This hot water vapor is essentially re-used to heat the
feedwater in a successive chamber and is then condensed and collected at the end of the
process.13 This desalination method is notable due to its relatively high gain output ratio
(GOR), which is a quantity that dictates the thermal energy consumed by the desalination
process. Additionally, MED desalination typically benefits from a low heat transfer surface
area, which is the area necessary for the heat transfer of a given unit of freshwater.14 Despite
the relatively low power usage, scaling effects are one of the main detriments to MED plants,
especially given the fact that increasing the number of “effects”, or stages, can further improve
the GOR, but simultaneously lead to more scaling.13,15 Despite this, MED is used in the Jubail
Water and Power (JWAP) plant in Saudi Arabia, which produces approximately 800,000 m3 of
freshwater per day.16 The literature indicates that typical four and six-effect distillation plants
are capable of desalinating feedwater with a concentration of 35,000 ppm, and the lower
energy cost of this method (which can be as low as 8 kWh/m3 for optimized MED plants),
renders MED as a strong option for thermal desalination.17
While vapor compression distillation (VCD) is another key player in the arena of thermal
desalination techniques, it is more frequently employed in smaller-scale plants. The principle
of operation for this method entails the heating of the saline feedwater using compressed
vapor, rather than a direct heat source.18 This allows the evaporation of the freshwater to occur
at low temperatures, thus reducing the need for regular acid washings of the heat exchangers
due to a lower scaling buildup.19 Additionally, VCD is noted for its ease of operation and
maintenance, higher resistance to corrosion, and minimal installation work. While this method
also benefits from a low energy cost of approximately 9 kWh/m3 of water, modern VCD plants
can produce approximately 5,000 m3 of desalinated water per day. Hence, this method is
considered more useful for plants that require in-house desalinated water for their regular
operations, such as nuclear power plants, rather than plants that provide potable water for
large-scale usage.18,20

1.2.2 Membrane Technologies
The process of osmosis occurs when a solvent flows from a solution of low salt concentration
to a solution of higher salt concentration across a semi-permeable membrane. This process
occurs spontaneously and is driven by the colligative property known as osmotic pressure.
Forward osmosis (FO) is an attractive desalination method due to its reliance on the
spontaneity of osmosis, meaning that no external pressure is required to maintain the process.
This method typically works by using a semi-permeable membrane to pass the feedwater
through to the concentrated draw solution, followed by the elimination of the solute molecules
using a variety of techniques, such as reverse osmosis (RO) or thermal technologies. FO can
3

also entail using the feedwater as the draw solution, thereby diluting the feedwater, and
allowing for a less energy- and resource-intensive desalination process.21 The main drawback
for FO desalination is chiefly the development of internal concentration polarization (ICP),
which can significantly hamper the water flux of the FO process. ICP occurs when the osmotic
pressure difference across the semi-permeable membrane is lower than the theoretical
pressure between the draw and feed solutions. This can take place due to the back-diffusion
of solute molecules into the porous layer of the membrane, leading to a lowering of the osmotic
pressure difference in the rejection layer of the membrane. Another way for ICP to occur is
through the dilution of the draw solution within the porous layer of the membrane due to
migration of the water from the feed to the draw solution, which can also lead to a lowering
of the effective osmotic pressure difference and a lower water flux.22
Electrodialysis (ED) is a membrane desalination technique that involves the use of a potential
difference to separate positive and negative ions from the feedwater. Upon application of a
potential field consisting of a positively charged cathode and a negatively charged anode,
electrodialysis employs the use of alternating cation-selective and anion-selective membranes
to separate the desired ions from the potable water.23 These alternating membranes are
referred to as “cell pairs”, and industrial electrodialysis plants can install up to 500 cell pairs
for increased ion selectivity. The presence of these cells pairs necessitates the formation of
concentrate channels (containing the resulting concentration brine solution) and the formation
of a diluent channel, containing the freshwater.24 The selective membranes are charged and
are used to repel ions with similar charges; for example, cation-selective membranes are
negatively charged to repel incoming negative ions from the brackish feedwater. While the
membranes can be synthesized from numerous polymeric materials, they are typically
composed of cross-linked polystyrene and divinylbenzene polymers with added surface
functionalities. The reason for this choice of copolymer is due to the presence of phenyl rings
that can potentially act as functionalization sites.25 A typical choice of functionalization for
anion-selective membranes, for example, is the addition of a quaternary ammonium
functional group to impart a positive charge to the membrane, thereby separating incoming
positive ions from the feedwater.26 Generally, ED benefits from a low power consumption
compared with more energy-intensive techniques such as reverse osmosis. However, it must
be noted that this technique can only be utilized with salt removal, as it is not capable of
removing un-charged and microbial impurities.
Reverse osmosis (RO) water desalination is arguably the top contender for the global
community’s solutions for water paucity. As can be seen from Figure 1.1, there is a worldwide
growth in the number of installed desalination plants, with a heavy focus on reverse osmosis
water desalination.7 Although large-scale water desalination began with the employment of
thermal evaporation techniques, the global community soon realized that membrane
technologies, such as reverse osmosis, could provide more clean water for less energy
expended. Figure 1.2 compares various desalination techniques in terms of energy cost and
4

freshwater-generating capacity, and highlights RO desalination’s strength within these two
arenas.27,28 Equipped with the knowledge of RO desalination’s strong advantages as a water
desalination technique, Egypt has been turning towards the employment of RO plants, and
has injected 435 billion EGP to install 65 RO desalination plants across various governorates.29
RO is an especially tantalizing option for Egypt due its relatively low energy input, as growing
populations and a lack of diversified fuel resources present a growing threat of energy
insecurity in a multitude of African nations.30 Reverse osmosis essentially works by applying
pressure to overcome the natural osmotic pressure of a concentrated salt solution across a
semi-permeable membrane.31 It is the function of the membrane to simultaneously allow the
desired freshwater to pass at a high flux, and to prevent the passage of salt (i.e., possess a high
salt rejection). The aim of optimizing the salt rejection and water flux has led scientists to
introduce creative chemical and physical changes to the RO membrane structure; this has led
RO membrane optimization to become a fast-moving and rich research field.

Figure 1.2: Schematic displaying the installed water generation capacity and energy cost of various
desalination technologies, including: reverse osmosis (RO), multi-stage flashing (MSF), multi-effect
distillation (MED).27,28
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Chapter 2

Literature Review
2.1 Support Membranes: Setting the Scene
The membrane “support” is the largest cross-section of a basic RO desalination membrane;
and given its porous structure is chiefly responsible for allowing the passage of freshwater at
a high flux in addition to providing mechanical support. Preceding the advent of thin-film
composite (TFC) and thin-film nanocomposite (TFN) membranes, the support membrane was
used as the stand-alone structure for RO desalination. Reid and Breton are generally credited
for being the first to synthesize this type of membrane in 1959.32 In their paper published in
the Journal of Applied Science, they described the theory of reverse osmosis in application to
membrane science, stating: “In [reverse osmosis desalination] salt water is held under
pressure against a suitably supported semipermeable membrane which will pass water but
block ions…Unfortunately, no membrane satisfactory for this purpose is known, but it is
hoped that one may be developed from polymeric materials”.33 The authors proceeded to
describe the synthesis and performance assessment of a cellulose acetate (CA) semipermeable
membrane for the rejection of incoming NaCl, and, more importantly, attempted to elucidate
the mechanisms for why CA is a suitable polymeric material for this application. The authors
ascribed the rejection performance of the membrane to two diffusion types: Alignment-type
diffusion and hole-type diffusion. According to their paper, molecules and ions that are
incapable of forming hydrogen bonds with the membrane (such as NaCl) are transported via
hole-type diffusion. The diffusion rate for this phenomenon is observed to decrease
significantly upon compression of the membranes, as this compression leads to a higher
production of bound water regions, limiting hole-type diffusion. Alignment-type diffusion,
however, was observed to be unaffected by an increase in compression, allowing the facile
passage of water molecules through the CA membrane. While the authors reported a 98% salt
rejection at the time, the water flux value obtained was a meager 0.01 L/m2h.32
Following Reid and Breton’s work, Loeb and Sourirajan are credited with outlining a process
for the casting and production of a more efficient osmotic CA membrane for desalination in
1963.34 The importance of Loeb and Sourirajan’s work did not simply lie in their higher flux
(up to 18.7 L/m2h at 138 bar) and salt rejection (~99%), but in their detailing of the membrane
production process. In addition to the authors’ detailing of the laboratory-scale production of
these membranes, they included a cost analysis for large-scale desalination. Through this
analysis, the authors estimated that the cost of desalination would be $0.60 per 1000 gallons
(or ~4550 L). This estimate, combined with the relatively low energy requirement for

6

desalination, led Loeb and Sourirajan to argue that their proposed methodology could be
competitive with mainstream desalination techniques at the time.35
Following Loeb and Sourirajan’s work, much emphasis was placed on optimizing cellulosic
membranes for higher performance and durability. Cellulose triacetate (CTA), for example,
was investigated as a more stable polymeric material due its resilience at higher pH and
temperature ranges compared to the more commonly used cellulose diacetate (CDA).36
However, the impairment of the water flux at high pressures in CTA was an impediment to
solely using CTA as a membrane support. As a result, the work of King et al. in 1970 outlined
the blending of CTA and CDA to produce highly permeable CA membranes that exhibited
greater resistance to compressive forces.37 Moving forward, scientists explored the possibility
of utilizing different polymers for use in RO membranes, as the acetate group in CA
membranes is known to be susceptible to hydrolysis under extreme pH conditions. This
prompted the production of membrane supports using various alternative polymeric
materials.

2.1.1 Polymer Influence
While CA support membranes continue to be studied in desalination research, the field has
expanded to include a myriad of other polymers, including polysulfone (PSf), poly(vinylene
fluoride) (PVDF), polyacrylonitrile (PAN), and polyethersulfone (PES). Among the most
popular choices of polymer for desalination is polysulfone, which has been known to yield
membranes with a high stability and mechanical strength.38 The understanding of pore
morphology and size in PSf membranes is exemplified by the work of Doi and Hanaka in 1990,
where the authors produced hollow fiber polysulfone membranes ultrafiltration membranes
to study the optimal conditions for finger-like pore formation.39 In another example, a 1995
paper published in Desalination by Kabsch-Korbutowicz and Winnicki detailed the synthesis
of a sulfonated PSf ultrafiltration membrane used to filter humic acid and various metal ions.
The authors observed that their membranes rejected up to 98% of humic acid from water and
noted that increasing degrees of sulfonation in their membranes led to a decrease in membrane
fouling.40 Due to the hydrophobicity of PSf, the use of this polymer as a standalone membrane
support has been noted to yield relatively low flux values, rendering it commonplace to
modify PSf using sulfonation and amination. Chen et al. produced a sulfonated PSf membrane
using phase inversion for the dehydration of a water/ethanol mixture by pervaporation. The
phase inversion process is relatively straightforward: A polymer solution is created and is
exposed to a non-solvent under controlled conditions in a “coagulation bath”. This leads to
the precipitation of the polymeric membrane for use in multiple fields. The authors noted that,
using atomic force microscopy (AFM), increasing the degree of sulfonation led to a decrease
in the roughness of the active skin layer.41 Despite the advantages offered by sulfonation of
PSf, the use of strong acids in this process can lead to unwanted side-reactions and
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inconsistency in the membrane performance. In order to address these issues, Park et al.
focused on the production of highly chlorine-resistant desalination membranes by employing
disulfonated poly(arylene ether sulfone) polymers.42 The authors noted that these support
membranes produced high flux values (1.3-4.5 Lm-2h-1bar-1) and NaCl rejection values of 8389% depending on the conditions of preparation.
PVDF has enjoyed both research and commercial applications, and is known to exhibit a
strong chemical resistance, thermal stability, and mechanical strength. Wang et al.
demonstrated the synthesis of hollow fiber PVDF membranes for pure water production via
membrane distillation, which involves the passage of water vapor through a hydrophobic
membrane for water purification. The authors observed that their membrane possessed an
ultra-thin skin layer and a highly porous support layer with a narrow pore size distribution.
In addition, the group reported a 99.99% NaCl rejection.43 Due to the hydrophobic nature of
PVDF, membrane distillation is a common application; however, this type of polymer has also
been used for FO desalination applications. For example, Shibuya et al. used a coaxial
electrospinning technique to produce a novel FO membrane using CA and PVDF blends. The
authors reported a flux of 31.3 L/m2h.44 As recently as 2022, researchers synthesized PVDFbased desalination membranes embedded with varying ratios of graphene oxide (GO) and
zeolite nanofillers.45 By combining instrumental techniques such as scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), and X-Ray Diffraction (XRD); the
authors determined that the addition of the nanofillers increased the hydrophilicity, porosity,
and water permeation of the PVDF membranes.
Polyacrylonitrile (PAN) polymers are frequently used as a membrane support in both
commercial and research-based applications. Han et al. aligned PAN nanofibers using
electrospinning to produce membranes with large slit-shaped pores for FO applications.46 By
taking advantage of the large pore sizes, the authors achieved a water flux of 62.9 L/m2h. The
authors achieved this type of alignment by increasing the speed of rotation of the collector
from 500 RPM to 1,500 RPM, which consequently affected the course of the polymer jet. Zhang
et al. implemented the use of a peroxidation method to yield highly efficient PAN polymer
support membranes.47 The authors noted that their final membranes rejected 99.98% of
incoming CaCl2 upon peroxidation, and that this process increased the thermal stability and
cross-linking of the PAN membranes.
Polyethersulfone (PES) possesses many advantageous characteristics as a support membrane
when compared with its polymeric counterparts. PES is often employed due to its chlorine
resistance, its ability to withstand high temperatures and extreme pH, and its simplicity of
fabrication.48 Additionally, PES is used due its higher hydrophilicity compared to
polysulfone.49 Figure 2.1 below presents the structure of PES.50 The aromatic groups in the
polymer limit chain mobility, which contributes to the mechanically stable nature of the
polymer when cast as a membrane.51 In addition, hydrolytic and oxidative stability is achieved
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due to the presence of these unreactive phenyl groups. For these reasons, PES membranes
have been applied across diverse fields such as pharmacology and biotechnology; and is the
choice of polymeric support presented throughout this work.52

Figure 2.1: Chemical structure of PES. This polymer is characterized by repeating phenyl groups linked
with alternating ether and sulfone groups.50

A study by Barth et al. focused on the preparation of asymmetric PSf and PES blends under
various thermodynamic conditions to compare their morphologies and performance.53 The
authors noted that increasing the polymer concentration within the cast solution generally
decreased the number and size of pores – leading to lower water fluxes and higher salt
rejection values. The authors additionally observed that, due to the more polar nature of PES
compared to PSf, the use of PES led to the formation of more finger-like pores than PSf, which
led to higher water flux values. The presence of finger-like pores was noted to occur at lower
PES concentrations of 16 wt% in dimethylformamide (DMF) as opposed to higher
concentrations (20 wt%). The authors concluded by recommending the use of PES polymers
for liquid-state separations, while recommending PSf for gas-state separations that require
higher pressures. Figure 2.2 below illustrates the membrane morphologies of PSf/PES
membrane blends using SEM and shows lacy finger-like voids for these membrane
substrates.54
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Figure 2.2: Cross-sectional SEM images of various PSf/PES support membrane blends composed of the
following weight ratios in dimethylformamide (DMF): (a) 5/0, (b) 4/1, (c) 3/2, (d) 2/3, (e) 1/4, (f) 0/5.54

There are numerous examples in the literature of the implementation of PES as a support in
membrane research. For example, Boussu et al. observed the performance of various
nanoporous PES membranes in application to dye rejection.55 The authors noted that an
increase in the polymer concentration within the DMF solution led to an increase in the
viscosity of the PES/DMF solution, and a consequent decrease in the water flux. It is crucial
to note that, in many filtration applications, there is an interplay between the size exclusion
and the electrostatic repulsion of incoming charged species. The manner in which the charges
are distributed surrounding a permeable membrane is named the “Donnan exclusion effect”
and is a crucial aspect in the rejection of charged species. Using this principle, it has been
observed that negatively charged membranes tend to exhibit a low rejection for salt with highvalency cations and a higher rejection for salts with high-valency anions.56 By studying the
zeta potential of their synthesized PES membranes, Boussu et al. noted that PES membranes
are generally negatively charged in basic conditions, and tend to diminish their negative
charge in more acidic media at an isoelectric point of 3. In another study, Rafieian et al.
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detailed the synthesis of a PES membrane embedded with amine-functionalized
microcrystalline cellulose using a smorgasbord of instrumental techniques.57 In addition to
using TGA measurements to study the thermal stability of the membranes, the authors used
Brunauer-Emmett-Teller (BET) analysis to understand the porosity of their membrane
formulation. This technique involves the use of gaseous N2 to adsorb into the membrane pores
to give an understanding of the average pore size, surface area, and pore size distribution of
the membranes. Through BET analysis, the authors monitored the effects of embedding the
cellulosic material on the surface area of their membranes and concluded that the 1 wt%
microcrystalline cellulose membranes exhibited the highest porosity (24.142 m2/g).
Additionally, the authors noted that their support membranes were mesoporous in
accordance with their nitrogen adsorption/desorption behavior.
The choice of solvent has a marked effect on the properties of the support and active skin layer
of the membrane. Barzin and Sadatnia constructed ternary diagrams for water/N,N-dimethylacetamide (DMAc)/PES and water/N-methyl-2-pyrrolidone (NMP)/PES systems, and
compared them to empirical data.58 The ternary diagrams were based on Flory-Huggins
polymer solution equations and agreed well with their experimental observations. The
researchers found that, while the miscibility of water with DMAc was more favourable, the
system’s high concentration of polymer in the precipitated region did not favour the growth
of macrovoids. The NMP system, on the other hand, yielded membranes with channel-like
structures, which would lead to more favourable water flux results. For the work presented
in this thesis, the choice of solvent is DMF. Numerous studies in the literature elect DMF as
the solvent of choice; one such study by Thuyavan et al. found that a water/DMF/PES system
possessed the highest natural organic matter (NOM) rejection when used for lake water
filtration due to the delayed precipitation of the polymer-rich phase.59–61 Additionally, it has
been observed that using DMF as the solvent for PES generates a thicker top layer than using
NMP.55

2.1.2 Additional Influences
In addition to the polymer solution used in membrane formation, there are numerous factors
that can influence the performance and morphology of a support membrane. The use of
additives generally leads to changes in the performance and characteristics of polymeric
membranes. For example, Kim and Lee studied the effects of adding a polyethylene glycol
(PEG) pore-former on the structure of a PSf membrane.62 The authors used viscosity, SEM,
and light transmittance measurements to understand both the kinetic and thermodynamic
changes associated with the addition of PEG. The authors noted various changes that occurred
upon increasing the concentration of PEG from 0 wt% to 60 wt%. These changes included: The
topmost layer of the support membrane becoming more porous, the morphology of the fingerlike channels becoming less defined, and the distance between the active skin layer and the
formation of macrovoids in the sublayer increasing. In fact, at higher weight ratios of 50 and
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60 wt%, the authors obtained a macrovoid-free homogeneous cross-section in their SEM data.
Accompanied by the aforementioned changes, the authors noted an increase in the pure water
permeation (PWP) and a decrease in solute rejection as the PEG concentration was increased.
In addition to increasing the porosity, additives can also enhance the hydrophilicity and antifouling capabilities of a given membrane. The use of polyvinylpyrrolidone (PVP) combined
with PES in the phase inversion process is a prime example of the imparting of hydrophilic
properties to desalination membranes. Lafreniere et al. studied the effects of adding PVP to 20
wt% PES membranes and noted that the permeate flux increased as more PVP was added, and
showed the maximum permeate flux at equal weights of PVP and PES.63 The authors posited
that hydrophilic PVP was interwoven within the network of PVP polymers, imparting a
hydrophilicity that would not be observed solely in the PES; which contributed to an increase
in the water flux through the membrane. In a different approach from additive incorporation,
Sun et al. synthesized silica-PVP nanocomposites to add to PES ultrafiltration membranes, and
observed increased hydrophilicity, anti-fouling, and water flux in their final membrane
formulation.64
In addition to the use of pore-formers and additives, the temperature of the coagulation bath
and the non-solvent used can induce changes in the performance of the membranes in
question. These factors have been highlighted by the work of Kahrs et al. where the authors
sought to vary multiple phase inversion conditions in the formation of PES membranes.65 The
authors synthesized PES membranes using NMP and 2-pyrrolidone (2P) as two different
solvent systems. The reasoning for using 2P was to investigate the effects of changing the
solvent as well as introduce a “greener” alternative to NMP. Figure 2.3 below shows the
authors’ results with regards to changing the temperature of the coagulation bath, as well as
replacing water with isopropyl alcohol as a non-solvent. The authors noted that, in the 2P
solvent system, the permeability increased in correlation with the temperature of the
coagulation bath, while the permeability slightly decreased in the NMP system. The authors
explained that, with regards to the 2P system, the increase in temperature led to a lower
viscosity of the cast solution and a higher diffusivity between the solvent and non-solvent.
These effects would then lead to faster solvent/non-solvent exchange and a faster growth of
the polymer-lean nuclei, yielding larger pores and an increased water permeability. The minor
decrease in permeability for the NMP system, however, was justified due to the different pore
structure formed in the NMP/PES system; while the 2P/PES system yielded lacy pore
structures, the NMP/PES system yielded what is called a “closed-cellular” structure. This type
of pore structure possesses fewer polymer-lean regions upon exposure to the non-solvent, and
the fast growth of these regions at a higher temperature leads to fewer permeable pores that
can pass water, leading to a lower overall permeability. Similar findings were observed in the
work of Amirilargani et al. upon increasing the coagulation bath temperature from 0°C to 25°C
to 50°C in a PES/ethanol/NMP system; where the authors noted an increase in macrovoids
and consequent permeation with the increases in temperature.66
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Figure 2.3: Graphs displaying the change in lysozyme retention and water permeability upon changing
the temperature of the water coagulation bath and using isopropyl alcohol as a solvent for 16.88 wt%
PES and 0.84 wt% PVP in (a) NMP and (b) 2-pyrrolidone.65

2.2 Thin-Film Composite (TFC) Membranes
The work of Cadotte in 1970 is credited for being the first synthesized thin-film composite
(TFC) membrane. These membranes were found to possess a high stability, salt rejection, and
water flux when compared to the standard cellulose acetate RO membranes at the time.67 The
added factor provided by these membranes is a thin polyamide layer atop the active skin layer
of the support, which serves to improve the rejection characteristics of the membrane. In
today’s research, the formation of this polyamide (PA) layer mostly takes place through an
interfacial polymerization (IP) reaction between a polyamine group and a polyacyl chloride
group. Typically, trimesoyl chloride (TMC) is used as the triacyl chloride group in the reaction,
and m-phenylenediamine (MPD) or piperazine (PIP) are the amine groups used in RO and
nanofiltration membranes, respectively.67 Figure 2.4 below illustrates a typical IP reaction.68
The TMC monomer is generally dissolved in an organic solvent, such as hexane, while the
amine monomer is typically prepared in an aqueous solution. Most commercial RO
membranes today fall under the category of TFCs; and are composed of a polyamide layer
with a 50-200 nm thickness.69 An example of TFCs in commercial research includes the
Hydranautics ESPA2-LD membrane, employed for use in the OCWD potable reuse facility in
California.69 In addition to commercial usage, TFCs have been extensively studied in
desalination- and water treatment-related research.
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Figure 2.4: Illustration of a basic IP reaction.68

An example of these studies is the work of Karan et al, where the authors synthesized a
sacrificial layer of cadmium hydroxide nano-strands atop an ultrafiltration support
membrane. By creating the sacrificial layer on their alumina-based support, the authors noted
that they could exert higher level of control on the formation of their PA layer. The authors
reported a 10 nm-thick PA layer with an acetonitrile permeance that was two orders of
magnitude higher than some membranes available on the market (112 Lm-2h-1bar-1).70 In
another example of contemporary TFC research, Tan et al. demonstrated the control of the IP
reaction conditions to create patterned polyamide layers atop a polysulfone support layer.71
The authors noted that the IP reaction chiefly occurs on the side of the organic solution. By
incorporating polyvinyl alcohol (PVA) in the IP reaction, the diffusivity of the amine monomer
was decreased, and the authors observed a “diffusion-driven instability” that could be
controlled by adjusting the amount of PVA. Through this process, the authors produced PA
layers with “spotted” and “striped” structures that were verified using SEM and transmission
electron microscopy (TEM) imaging. The authors noted a 99.6 ± 0.1% and 99.1 ± 0.2% Na2SO4
salt rejection for the spotted and striped structures, respectively. In another TCF-based study,
Joung-Eun et al. used molecular layer-by-layer (mLbL) deposition to coat a PAN support with
a polyamide layer.72 The authors dipped the support layer in alternating cycles of MPD and
TMC solutions, with a rinsing step between each cycle to remove any un-reacted monomers.
Using this methodology, the authors reported a thinner and smoother polyamide layer with
improved NaCl rejection characteristics. In addition to new methodologies for PA layer
formation, there are numerous studies on the key variables influencing the performance of
TFCs. The key variables include the concentration of the monomers, the curing temperature
and time of the reaction, and the use of additives in the IP process.

2.2.1 PA Layer Influences
A) Monomer Concentration
Wei et al. studied the effects of monomer concentration of a PA layer atop a polysulfone
support layer for FO applications.73 The monomers used in the authors’ work were MPD in
an aqueous solution and TMC in an n-hexane solution. The study indicates that higher MPD
and lower TMC concentrations led to more favorable salt rejection values for an NaCl solution
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but led to compromised flux values. The authors argued that, in agreement with previous
studies, an increase in the MPD/TMC ratio led to more cross-linking and a consequently
higher salt rejection. The authors added that a lower MPD/TMC ratio implied the presence of
more unreacted acyl chloride groups and a lower degree of cross-linking. In an extensive
study by Zhang et al, the authors observed the impact of the MPD and TMC monomer
concentration on the thickness and performance of an RO desalination membrane.74 The
authors used SEM, TEM, FT-IR, and AFM measurements to correlate the effects of changing
the monomer concentration on the thickness and morphology of the synthesized membranes.
According to the authors’ findings, the water permeation lessens from 3.15 ± 0.02 to 2.74 ± 0.10
Lm-2h-1bar-1 when the thickness of the PA layer grows by 9 nm. The authors additionally
showed that, when the concentration of MPD was fixed, the PA layer thickness decreased with
increasing TMC concentration.
B) Curing Temperature & Time
In a 2008 study, Ghosh et al. observed the changes in performance and morphology for a
polysulfone-based TFC upon changing the curing temperature.75 The curing stage in the TFC
process is generally used to remove residual solvent on the surface of the membranes, as well
as promote additional cross-linking between the acyl chloride and amine monomers. The
authors performed a series of experiments where they altered the temperature between 45°C
and 90°C at a curing time of 10 minutes for an MPD-TMC reaction. The study noted that, for
IP reactions that involve low boiling point solvents (such as hexane), the water flux of the final
TFC membranes increased between curing temperatures of 45-60°C but experienced a minor
drop above 75°C. In addition, the authors observed that the salt rejection of an NaCl solution
gradually increased with increasing curing temperature. The 90°C curing time exhibited a salt
rejection of 97%, suggesting that the increase in temperature provided more cross-linking. In
a similar study, Zhan et al. studied the effects of curing temperature and curing time on a
polypiperazine-amide TFC membrane atop a PES substrate.76 Using AFM measurements, the
authors observed that the surface roughness of the polyamide layer increased with curing
times between 1 to 5 minutes, and then showed a decrease in roughness at curing times above
10 minutes. With regards to the curing temperature, the authors noted that the pure water flux
of the membranes decreased with increasing curing temperature, while the salt rejection of an
Na2SO4 solution remained relatively stable at all temperatures.
C) Additives
There are many examples in the literature of the incorporation of various additives to enhance
the IP process. For example, Yung et al. studied the addition of ionic liquids to a PA layer
formed between PIP and TMC atop a PES nanofiltration membrane.77 The authors used two
types of ionic liquids; one composed of a shorter substituted alkyl group, and one with a
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longer alkyl chain. The authors found that increasing the concentration of the ionic liquid with
the longer alkyl chain increased the permeation flux. By optimizing their membrane
formulation, the authors used a 0.1 w/v% ionic liquid to achieve a flux of 50 L/m2h at 25 PSI
with a 97.8% rejection of MgSO4, which the authors reported is comparable to a commercial
TFC membrane. In another example, Kim et al. studied the synergistic effects of tributyl
phosphate and sodium dodecyl sulfate in improving the action of organic solvent
nanofiltration membranes.78 The authors argued that the former additive can increase the
solubility of the MPD in the organic phase, while the latter additive acts as a surfactant to add
stability to the interface of the IP reaction. By including these additives, the authors observed
a 6-fold improvement in the permeance of ethanol.

2.3 Thin-Film Nanocomposite (TFN) Membranes
TFN membranes entail the incorporation of nano-fillers within the polyamide layer, affording
the possibility of enhancing the characteristics of the membrane. The details of TFN formation
are shown in Figure 2.5.79 Whereas the purpose of the polyamide layer is to further enhance
the salt rejection, the nano-filler adds the ability to tune various morphological and functional
aspects of the membrane. For example, Choi et al. added functionalized carbon nanotubes
(CNTs) to their TFN membrane on a PES support and achieved a high membrane
hydrophilicity alongside a 72% increased water flux compared to a pristine PES membrane.80
Li et al. applied silver phosphate to graphene oxide (GO) quantum dots to yield an
antibacterial TFN with a high water flux (39.6 L/m2h).81 While there are numerous choices of
nanomaterials to incorporate into the PA layer, the scope of this work focuses on carbon-based
nanomaterials; specifically the embedding of GO and functionalized GO nanosheets in the PA
layer. The study of carbon-based TFN membranes is abundant in the literature, and both GO
and CNTs are key nanomaterials in TFN research.

Figure 2.5: Illustration of the TFN-formation process. The acyl chloride group (trimesoyl chloride) is
dissolved in an organic solvent, while the amine group (m-phenylenediamine) is dissolved in an
aqueous solvent. They are then applied in succession on the support membrane (polysulfone, in the
above case) to yield the polymer layer. The nano-filler can be added in either the aqueous or organic
solvent.79
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2.3.1 Carbon-Based TFN Membranes
A) Carbon Nanotubes (CNTs)
There is a wealth of literature on the incorporation of carbon nanotubes (CNTs) within the
polyamide layer for improved membrane performance. The tubular structure of the CNTs has
been hypothesized to facilitate the passage of water at high fluxes in desalination applications.
This behavior is thought to be attributed to the smooth inner walls of the nanotubes, in
addition to the hydrophobic outer walls of the CNTs.82 However, as CNTs are typically of a
greater length than the PA layer itself, much research is focused on the horizontal alignment
of the CNTs within the layer to allow for sufficient dispersion.83 Various techniques can be
used for alignment, such as a spray-assisted electromagnetic field alignment methodology to
align CNTs in the active layer of TFN membranes.84 Combined with the potentially favorable
water transport characteristics of CNTs, the incorporation of various functional groups can
lead to a versatile and effective nanofiller.
In addition to alignment, the placement and location of CNTs within TFN membranes has
been shown to affect the desalination performance. In a comparative study, Song et al.
observed the water permeation and salt rejection characteristics of CNT nanofillers placed
throughout various locations in a TFN membrane.85 The researchers embedded the CNTs
within the polyamide layer (TFN), within the polysulfone support layer (nTFC), as well as a
combination of both (nTFN) to compare their desalination performance. The conclusion of the
authors’ work indicated that the incompatibility of the CNTs with the polymer matrix
provided more channels for water and salt permeability; leading to the highest water
permeability for the nTFN formulation, followed by the TFN formulation, followed by the
nTFC formulation. The salt rejection, however, followed an opposite trend.
A strong advantage of CNT nano-fillers is the ability to impart various functionalities to the
nanofiller. By varying the reaction conditions for the functionalization of CNTs with nitric and
sulfuric acid, Kim et al. identified the optimal conditions for dispersing CNTs in a PA layer
for reverse osmosis desalination.86 Providing a reaction condition of 65°C for 4 hours between
the CNTs and a 3:1 volume ratio of sulfuric acid to nitric acid, the researchers found that the
functionalized nanofillers were well-dispersed in the PA layer, and yielded optimal
membrane performance. In another example of imparting functionalities to CNTs, Shen et al.
functionalized CNTs with poly(methyl methacrylate) (PMMA) to impart a hydrophobic
behavior to the nanofiller.87 This allowed for the dispersion of the nanofillers in the organic
component of the IP reaction, and yielded a 62% increase in the water flux of the TFN
membranes compared to the pristine membranes. The sulfonation of CNTs is an alternative
method for improved dispersibility in the aqueous component of the IP reaction. Using this
principle, Zheng et al. functionalized single-walled CNTs (SWCNTs) with alkylsulfonic acid
groups to be dispersed within the PA layer atop a PES support.88 The authors noted a 160%
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improvement in the pure water permeability compared to the pristine TFC membranes, with
an unaltered rejection of Na2SO4. The authors additionally noted an improvement in the antifouling behavior of the membranes upon application of bovine serum albumin (BSA); with
the membranes exhibiting a flux recovery ratio (FRR) of 91.2%. Figure 2.6 below shows the
changes in pure water permeability and salt rejection with increasing concentrations of the
nanofiller.88

Figure 2.6: Graph displaying the changes in pure water permeability (PWP) in L/m2h, as well as Na2SO4
rejection in response to varying the concentration of sulfonated SWCNTs in the PA layer of TFN
membranes.88

B) Graphene Oxide (GO)
GO-incorporated TFN membranes are widely employed for water desalination and
purification. This nanomaterial is comprised of monolayer sheets of sp2-hybridized carbon
atoms with some sp3 character and has been shown to greatly improve the desalination
performance of various TFN membranes. Yin et al, for example, added various loadings of
GO nanofiller into the PA layer for optimized desalination performance.89 The authors
hypothesized that the addition of GO would increase the hydrophilicity of the PSf support;
facilitating the intercalation of water molecules to the internal structure of the PA layer and
creating additional water channels. The GO nanofillers were synthesized using the oftenreported Hummer’s method from graphite flakes, and the resulting nanofiller was dispersed
in ethanol at various concentration before adding the solution into the IP reaction. At a GO
concentration of 0.015 wt%, the water flux increased from 39 L/m2h to 59.4 L/m2h at 300 PSI
compared to a 0% loading of GO, with a 1% decrease in salt rejection for Na2SO4 (from 98.1%
to 97.3%). The authors employed various characterization techniques to ensure the effective

18

dispersion and incorporation of the GO nanofiller in the PA layer. The paper focuses on the
use of SEM and TEM to visualize the structure of the GO, and the authors noted that the
nanosheet sizes ranged from 500 nm to several micrometers. SEM was used in conjunction
with TEM to reveal the characteristic leaf-like morphology of the PA layer atop the membrane
and observed the thickness of the PA layer to be between 200-300 nm. Raman and FT-IR
spectroscopy were used to probe the surface structure of the TFN membranes upon addition
of the GO nanofillers, and to verify the increasing concentration of the GO within the PA layer.
Finally, contact angle and AFM measurements were used to gauge the hydrophilicity and
surface roughness of the final membranes. The authors found a decrease in contact angle (from
60.4 ± 2.5° to 55.4 ± 1.7°) between the blank TFC and the highest GO concentration,
highlighting the effect of the hydrophilic nano-additive on the membrane. With regards to the
roughness, the RMS was found to first decrease at lower GO loadings, followed by an increase
at higher loadings. The authors attributed the decrease in roughness to the disruption of the
PA layer formation, followed by the agglomeration of the GO at higher loadings that could
lead to a higher surface roughness.
An additional paper, published by Tian et al. in 2019, studied the combination of PA layer
formation and electrospinning to produce forward osmosis (FO) membranes embedded with
GO.90 Using SEM combined with FT-IR measurements, the authors noted the incorporation of
GO throughout the PA layer, as well as the decreased roughness and improved permeability
of the synthesized membranes. In the process of performing successive membrane
performance measurements with increasing GO concentration, it was determined that a 0.05
wt% of GO led to the highest water flux of 44.02 and 29.88 LMH in pressure-retarded osmosis
(PRO) mode and FO mode, respectively. Additionally, the authors studied the growth of
Escherichia coli bacteria on the surface of the membranes and reported their membrane
formulation to be an effective deterrent to bacterial fouling. Similarly, Lai et al. incorporated
GO within their PA layer atop a polysulfone support using a novel vacuum filtration
methodology to study the effects of GO on the membrane performance.91 Using this technique,
the authors measured a 31.4% increase in pure water flux as compared to a pristine membrane
devoid of GO, and a 97.7% salt rejection of MgSO4.
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Demonstrating a deviation from the typical incorporation of GO within the PA layer, Choi et
al. synthesized multilayered FO membrane based on ultrathin polydopamine-functionalized
GO (PDA-GO).92 The authors layered the PDA-GO atop a polysulfone support and proceeded
to facilitate an IP reaction between MPD and TMC monomers as the final topmost layer. Figure
2.7 shows the novel membrane synthesized by Choi et al.92

Figure 2.7: Novel PDA-GO forward osmosis membrane synthesized by Choi et al.92

In addition to using contact angle, AFM, and SEM measurements to characterize the final
membranes, the authors monitored the membrane performance with increasing PDA coating
time. The paper indicates an increase in hydrophilicity and consequent permeability when the
PDA-GO coating is applied, but a decrease at higher coating times due to the gradual blocking
of pores by the nano-additive. This finding demonstrates the non-linear permeability and flux
of membranes with increasing nano-filler concentration.
While GO provides numerous advantages to TFN membranes, the agglomeration of the
nanomaterials within the PA layer can lead to undesirable characteristics. Therefore,
numerous studies have focused on the functionalization of GO with functional groups that
can aid in the dispersion of the nano-filler, as well as participate in the IP reaction. For
example, Shao et al. focused on the functionalization of GO with diamine groups, followed by
their dispersion within the PA layer atop a polysulfone support.93 The authors hypothesized
that the amine-functionalized GO would partake in the IP reaction, resulting in a thinner and
smoother TFN membrane with improved performance. While maintaining an Na2SO4
rejection greater than 98%, the authors observed flux improvements of 154.4% and 160.9% for
both of their optimized TFN membranes compared to a blank TFC.
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The versatility afforded by GO functionalization is exemplified by the work of Paseta et al,
where the authors sought to functionalize reduced GO (rGO) with octadecylamine (ODA) for
use in organic solvent nanofiltration.61 The use of ODA-functionalized rGO (rGO-ODA) made
it possible to disperse the nanofiller in the organic component of the IP reaction, which is a
departure from the typical dispersion of GO in the aqueous component of the reaction. Upon
optimizing the TFN formulation atop a polyimide (PI) support, the authors found a 35-54%
increase of ethanol permeance compared to a pristine TFC. This was accompanied by a
relatively unperturbed dye rejection using 3 ethanol-based dyes. The authors inferred that the
greater hydrophobicity of the rGO-ODA nanofiller, as compared to the more hydrophilic
pristine GO filler, allowed for the permeation enhancement of ethanol. The mechanism for the
flux increase was explained by the simultaneous presence of polar and non-polar groups that
could facilitate the passage of ethanol, as well as the minute gaps between the GO sheets and
the PA layer that could allow for an unhindered flow of the solvent. With regards to
characterization, the authors used a variety of techniques to assess the success of GO
functionalization. These techniques included FT-IR, TGA, Raman spectroscopy, as well as
other techniques. The presence of two new peaks in the FT-IR spectrum of rGO-ODA at 2916
cm-1 and 2848 cm-1 corresponding to alkyl C-H stretching, in addition to N-H and C-N
stretches (1564 cm-1 and 1466 cm-1, respectively) confirmed the functionalization of the rGO
with ODA. Raman spectroscopy was used to assess the degree of structural disorder of the
GO by comparing the intensities of the D and G bands (ID/IG), which estimates the sp3/sp2
carbon ratio. The crucial instrumental techniques used for elucidation of the final rGO-ODA
TFN membranes were SEM, TEM, and contact angle measurements. The SEM images were
used to confirm the presence of the PA layer and the lack of agglomerates, and the TEM images
were used to indicate the presence of crystalline and well-defined GO flakes with a high aspect
ratio within the PA layer. Figure 2.8 below shows the key images presented in the authors’
paper.61 Finally, the contact angle measurements revealed an increase in the contact angle
upon addition of the rGO-ODA nanofillers, indicating the more hydrophobic nature of the
TFN membranes.
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Figure 2.8: (a) SEM image of 0.03 wt/vol% rGO-ODA in PA layer, (b) SEM image of 0.06 wt/vol% rGOODA in PA layer, (c-e) various TEM images of the nanofiller incorporated in the PA layer, (f) electron
diffraction pattern for (e).61

A further example of functionalized GO within TFN membranes is demonstrated by Zhang et
al. in a 2020 paper, where the researchers functionalized GO with p-aminophenol and
incorporated the nano-additive into the PA layer.94 The authors sought to study the antimicrobial effects of the modified nano-additive using fluorescent imaging assays for E. coli
and S. aureus bacterial strains. The paper concluded that the addition of the functionalized GO
reduced the contact angle, and consequently increased the hydrophilicity, of the final
membranes. The thickness of the membranes was also seen to decrease from 240 nm to 50 nm.
These changes were accompanied by a 99.7% salt rejection of NaCl and a 24.5% increase in the
water flux as compared to the pristine membranes. With regards to the bacterial fouling, the
membranes were found to vanquish 96.78% and 95.26% of E. coli and S. aureus populations at
the optimized functionalized GO loading of 0.005 wt%.
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2.4 Research Objective
Multiple reviews of the current landscape of TFN membranes have highlighted one of the
main challenges as of late, and it generally pertains to the difficulty of dispersing
nanomaterials within the PA layer.82,83 As nano-fillers are added, they can disrupt the
polyamide matrix that is formed in the IP process between the MPD and TMC, and permit the
passage of salts through the active layer. To tackle this disruption, it is necessary to consider
incorporating the nano-fillers within the polyamide layer in an optimized fashion. The work
herein focuses on functionalizing GO nanosheets for incorporation in the PA layer using PES
as a support to yield a novel nanofiltration desalination membrane. By imparting amine (NH2) functional groups onto the GO, it was hypothesized that this would allow the GO to
participate in the IP reaction and incorporate itself within the PA layer to yield a smoother
and better-performing TFN membrane than that of un-functionalized GO. The overall goal of
this project was to assess the membrane morphology and desalination performance of the
prepared TFN membranes upon adding un-functionalized GO to the PA layer, followed by
the addition of the amine-functionalized GO. The combination of a PES membrane support
with amine-functionalized GO embedded in the PA layer is a feature novelty of this work.
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Chapter 3

Theoretical Overview
3.1 Phase Inversion
Phase inversion is a key method used for producing polymer-based membranes. This
technique involves the formation of a membrane from a polymer solution by exposing the
solution to a non-solvent; thereby allowing the non-solvent to replace the solvent and
precipitate the polymer under controlled conditions. By changing various parameters in the
fabrication process; the thickness, porosity, morphology and overall performance of the
membrane can be highly tailored to the desired application. A recent review on phase
inversion phenomena highlights the factors affecting the morphology of the resulting
membranes and sheds light on the delicate and sensitive nature of the process.95 For example,
it is well-documented that the viscosity of each phase plays a crucial part in the phase
inversion behavior. In fact, researchers have found that the dispersed phase (i.e., the polymer
solution) tends to be recalcitrant to phase inversion at higher viscosities. Other key factors
affecting phase inversion include the system’s stirring speed, the phase density difference, the
interfacial tension between the solvents, and the geometry and material of the vessel. In
addition to the aforementioned variables, the use of additives or surface-active agents can
have a marked effect on phase inversion dynamics.
There are generally four types of phase inversion methods identified throughout the literature:
Thermally induced phase separation, vapor-phase precipitation, immersion precipitation, and
controlled evaporation.96 While immersion precipitation is the most commercially employed
method for membrane synthesis, there is a plethora of literature that explores the remaining
techniques in depth and highlights the advantages that each technique offers. Thermally
induced phase separation (TIPS) involves the cooling-down of a polymer solution to induce
demixing between the polymer and the solvent. The unique feature offered by this method is
the ability to control pore sizes and morphology by tuning the temperature and cooling rate
of the process. Additionally, this method renders it feasible to form membranes from semicrystalline polymers that would not typically dissolve in solvents at room temperature.97
Vapor-phase precipitation, or vapor-induced phase separation (VIPS) is induced by casting a
polymer solution and exposing the solution to a vapor phase that is saturated with a nonsolvent. By allowing the saturated vapor phase to enter the polymer solution, precipitation of
the polymer occurs. This method is considered to incur a slow non-solvent uptake, which
favors solid-liquid demixing over liquid-liquid demixing in semicrystalline polymer
solutions.96 Controlled evaporation relies on the dissolution of a given polymer in a co-solvent
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system where one of the solvents is relatively volatile. The key variables affecting membrane
morphology in the controlled evaporation process are the polymer/nonsolvent ratio, casting
solution thickness, ambient humidity, evaporation temperature, and the air velocity.98 As
previously mentioned, immersion precipitation is the most employed phase inversion
technique for membrane synthesis and is the technique of choice in formulating PES support
membranes throughout this work. This technique involves the dissolution of a polymer in a
solvent, casting the resulting solution at a given film thickness, and immersing the film in a
non-solvent coagulation bath (typically water).
Precipitation of the polymer occurs when the non-solvent displaces the original solvent in the
solution. Figure 3.1 displays a ternary phase diagram for a typical membrane precipitation
system at constant temperature and pressure; composed of a solvent, polymer, and nonsolvent.99 The binodal line delineates unstable and stable regions; and in the case of membrane
synthesis, it separates the one-phase region (on the left side of the line in Figure 3.1) from the
multi-phase region (right side of the line). The spinodal further delineates the metastable
region, and the critical point is the point at which the binodal and spinodal curves intersect.
Within the multi-phase region of a given three-component system, there is a polymer-rich
region and a polymer-lean region. The placement of these regions relative to the binodal curve
is dependent on the nature of the system components, and by using the lever rule, it is possible
to find the proportions of the polymer-rich to polymer-lean regions at any given point in the
phase diagram.

Figure 3.1: Ternary phase diagram of a three-component system containing a polymer, solvent, and
non-solvent.99
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The porosity of the membrane at a given concentration of polymer/solvent/non-solvent is
undoubtedly influenced by the placement of the binodal curve along the phase diagram,
however, the pore structure is also influenced by the kinetics of the phase inversion process.
As previously mentioned, the membrane morphology is typically composed of a thin and tight
“skin” layer on the surface atop a thicker sponge-like layer. The top layer of the membrane
possesses this morphology due to its initial contact with the non-solvent in the coagulation
bath, and the porosity of the bottom layer is heavily influenced by the rate of demixing of the
solvent/non-solvent through the top layer. It is generally noted that fast demixing rates lead
to large “finger-like” macrovoids, while slow demixing rates lead to smaller “sponge-like”
pores.96 By using different solvent/non-solvent systems combined with different polymers, it
is possible to influence the demixing rate and the thermodynamic characteristics of a given
membrane, thus influencing the porosity and performance of the membranes. Other factors
influencing the dynamics of the phase inversion process include the temperature, film
thickness, and the use of pore-forming agents. The use of polyvinylpyrrolidone (PVP) as a
hydrophilic pore former in combination with a DMF solvent can be used to achieve a porous
support layer. The application of PES as a polymer is justified due to the relatively higher
hydrophilicity compared to the more commonly used polysulfone (PSf) polymer.49

3.2 Interfacial Polymerization (IP)
Interfacial polymerization (IP) is a recent technique used to prepare thin film composite (TFC)
membranes for a variety of applications. The reaction is that of an irreversible
polycondensation process that typically occurs between an acyl chloride molecule and a
polyamine molecule atop the support layer. While a standard asymmetric membrane
possesses a tight “skin” layer on its surface, the PA layer provides an additional rejection
coating that is crucial in blocking incoming particles. Throughout the literature, the consistent
choice for the polyacyl chloride monomer is 1,3,5-benzenetricarbonyl trichloride, otherwise
known as trimesoyl chloride (TMC). Although the choice of polyamine monomer varies
throughout the literature, the most widely used species are piperazine and mPhenylenediamine (MPD). The polyamide group is typically solvated in an aqueous medium,
and the TMC is dissolved in an organic solvent.100 The reaction between monomers is
generally facilitated by immersing the membrane support in the aqueous solution for a given
“contact time”, followed by the organic solvent, and concluded with a thermal annealing
stage.
The surface structure of the PA layer typically exhibits a “ridge-and-valley” morphology, with
a thickness on the order of 100 nm; although some literature sources indicate a thicker PA
layer.67,89 There are two proposed mechanisms for the morphology of the PA layer: Interfacial
instability and nano-bubble formation. In the former theory, it is proposed that the exothermic
reaction between the TMC and polyamide group produces a large temperature increase,
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which leads to a convective flow within the organic phase resulting in the ridge-and-valley
formations. In the latter theory, it is postulated that the temperature increase leads to the
degassing of various dissolved gases, such as O2 and N2. The polyamide layer then proceeds
to entrap the bubbles to yield the characteristic IP morphology.67 Due to the multiple amine
and acyl chloride moieties taking place in the reaction, different linking structures are made
possible atop the support layer, as demonstrated by Figure 3.2 below.101 The types of crosslinking, in addition to the macrostructure of the polyamide layer, can have important
consequences on the performance and behavior of a given membrane. For example, it is welldocumented that PA layers with a high roughness are prone to fouling; however, the rough
surface of the PA layer concurrently provides a higher surface area for water to flow, leading
to high water flux values.67

Figure 3.2: Illustration of the possible linking structures for an IP reaction facilitated between piperazine
and TMC (left) and MPD and TMC (right).101

There are multiple factors that can affect the outcome of the IP reaction–- which inevitably
leads to changes in the performance of a given TFC membrane. Firstly, the porosity and
hydrophilicity of the substrate are noted to have a marked effect on the types of IP linkages
formed.102 Additionally, the tuning of the monomer concentrations and the curing conditions
of the IP process have been shown to greatly influence the density and performance of the
polyamide layer. Since it is proposed that the diffusion of the amine group across the interface
into the organic layer is a rate-limiting step, there is research focused on hindering the
diffusion of the amine component by incorporation of other molecules (such as polyvinyl
alcohol).71 The method by which the polyamide monomers are incorporated can also change
the outcome of the final membrane structure. The most widely used method for adding the
PA layer atop the membrane is through immersing the membrane support in the amine
solution, followed by using a roller to remove any residual aqueous solution. However, there
is much literature supporting the use of vacuum filtration in the IP process. This technique
entails using vacuum filtration to remove any residual aqueous solution, before transferring
the membrane to a mold to add the TMC solution. This technique is noted for improving the
uniformity of the amine solution across the membrane support.103,104 Figure 3.3 below shows
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a comparison between the traditional methodology for polyamide layer formation versus the
vacuum-assisted method.105

Figure 3.3: Schematic comparing (a) a vacuum-assisted IP technique to (b) a traditional IP formation
technique using a TETA polyamide solution and a TMC acyl chloride solution.105

3.3 GO Functionalization & Dispersion
As this project aims to introduce amine functional groups to graphene oxide (GO) for
participation in the IP process, it is crucial to understand the structure and morphology of this
diverse nanomaterial. GO possesses numerous characteristics to be used as a nano-filler
within polyamide layers. These properties include a high stability in water, hydrophilic
oxygen-containing functional groups, and an overall negative charge (which aids in reducing
bacterial fouling).89 Studies incorporating GO into desalination membranes cite the
aforementioned properties, as well as the flexibility and mechanical strength afforded by GO’s
honeycomb-like structure and C-C bonding.106 In addition to this, the oxygen-containing
functional groups on GO can act as reactive sites for functionalizing the GO before its addition
to the membrane. Figure 3.4 shows the general structure of GO and indicates the various
oxygen-containing functional groups protruding from the nanomaterial.107
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Figure 3.4: General structure of graphene oxide (GO).107

GO is composed of monolayer sheets of carbon atoms with significant sp2 hybridization and
partial sp3 character, with oxygen-containing functional groups on both the basal and edge
planes. High-resolution transmission electron microscopy (HRTEM) measurements have
confirmed that the oxidized (or sp3-hybridized) carbon groups lie above or below the plane of
the sp2-hybridized carbon groups.108 Studies have identified that GO possesses dense clusters
of hydroxyl and (1,2) epoxy groups, as well as carbonyl groups along the edges of the sheets.109
The presence of these groups allows for the functionalization of GO sheets with other chemical
moieties. Possibilities for functionalizing GO include nanoparticles, organic compounds, and
polymers.110 Due to the -OH moiety of the carboxyl groups being a poor leaving group, the
process of linking a diamine molecule to GO is generally carried out with the assistance of a
carboxyl activating agent, such as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).111
The dispersion characteristics of GO are a crucial aspect for TFN synthesis. In general, it is
feasible to disperse GO flakes in water with the use of ultrasonication, as the electrostatic
repulsion arising from the negatively charged GO sheets provides stability in aqueous media.
Conversely, GO displays poor solubility in many common organic solvents, such as n-hexane
and DCM.112 While diamine-functionalized GO has also been shown to be dispersible in water,
it is documented that the nano-material precipitates at amine chain lengths greater than 5
methyl groups.113

3.4 Fourier-Transform Spectrometry (FT-IR)
FT-IR measurement is a mainstay in both qualitative and quantitative chemical analysis. This
method of identifying specific bonds and chemical groups benefits from being highly
sensitive, specific, and flexible. The working principle for this technique is based on the highly
specific interactions between molecular bonds and infrared (IR) radiation. IR waves are
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typically defined to have a wavelength between 700 nm and 1 mm; however, the IR portions
that are most useful for analysis of organic molecules fall in the range of 2,500 nm to 16,000
nm.114 When interpreting an IR spectrum, the x-axis is reported in wavenumbers (cm-1), which
is a value proportional to the frequency of the absorbed radiation, while the y-axis indicates
the amount of absorbed light at a given wavenumber. IR analysis occurs due to the analyte
absorbing highly specific IR frequencies based on the chemical environment of each bond,
thereby inducing vibrational excitation of the covalently bonded atoms within the sample.
These vibrational excitations act to “push” molecules’ vibrational energy states from the
ground state to higher vibrational states, and these elicit bends, stretches, or “wags” in the
bonds. The highly specific nature of the absorbed frequencies allows for the determination of
specific bonds between atoms, as well as the types of vibrations elicited by the absorbed IR
radiation (N-H stretching, for example).115
FT-IR analysis is made more efficient using an interferometer, which makes it possible to
generate an IR spectrum across multiple IR frequencies simultaneously. This process works
by utilizing a beam splitter to split the IR source’s radiation into two separate portions: One
portion is directed towards a stationary mirror with a constant path length, and one portion
is guided towards a mirror that moves back and forth. As each beam is recombined at the
beam-splitter, the beams interact to generate an interference pattern. This interference pattern
is the result of constructive and destructive interference of the two combined beams, and it is
this resulting beam that is directed towards the sample of interest. The analyte then absorbs a
portion of the guided beam and allows certain frequencies of the beam to pass through; and
this transmitted beam continues to the detector to generate the final FT-IR spectrum. A Fourier
transform of the “interferogram” is initiated, thus providing a single spectrum containing the
changes of all IR frequencies of the initial beam.116 Figure 3.5 shows a schematic of a
conventional FT-IR spectrum.117
With regards to sample preparation, it is important to note that solid samples are generally
prepared using the potassium bromide (KBr) pellet method. Owing to potassium bromide’s
IR inactivity, solid samples are mixed with the compound and compressed to form a pellet at
high pressures. A small amount of the desired solid sample is first mixed with approximately
100 times the amount of dried KBr powder. As the thickness of the resulting pellet is relatively
high compared to liquid samples, a low sample concentration is required (0.2-1%) in
accordance with Beer’s Law. Following this, the resulting mixture is compressed at a high
pressure into pellet form and placed into the FT-IR instrument.115
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Figure 3.5: Schematic of the instrumentation for a typical FT-IR spectrophotometer. The IR source is
directed to the beam splitter, which transmits one beam towards a moving mirror and a stationary
mirror. Upon recombination of the reflected beams at the beam splitter, this interference pattern is
directed towards the sample. The frequencies that are not absorbed by the sample (i.e. the transmitted
portion) is picked up by the detector, and this resulting interferogram is Fourier-transformed to give
the final IR spectrum.117

3.5 Raman Spectroscopy
In a similar vein, Raman spectroscopy is a type of vibrational spectroscopy that can yield
quantitative and qualitative information about an analyte of interest. Unlike IR measurements,
however, Raman spectroscopy is centered around the inelastic scattering of light by an analyte
upon shining a light source. In general, when a sample is irradiated by light, most of the
scattered light is of the same wavelength as the original source. This type of scattering is
termed “Rayleigh scattering”. However, some of the scattered light is of a different
wavelength, and this type of scattering is termed “Raman scattering”. The principle of
operation is relatively straightforward: A sample is irradiated by a focused monochromatic
light source, and the scattered light is passed through a filter that filters out any light of equal
wavelength to the excitation beam. Following this, the remaining scattered light is directed
towards a grafting that separates the beam into its individual components, and each beam is
then guided to a detector that outputs a Raman spectrum.118
There are two types of inelastic scattering that can occur upon irradiating a sample: Stokes
scattering and anti-Stokes scattering. The former phenomenon occurs when a molecule relaxes
back to a higher vibrational energy than it had been occupying before the excitation event,
while the latter occurs when a molecule relaxes back to a lower vibrational energy. In both
cases, Raman spectroscopy measures the energy change between the inelastically scattered
light and the light source–- outputting the energy change in wavenumbers (cm-1). The y-axis
of the spectrum indicates the intensity of the Raman shift at a given wavenumber. In order for
a bond to be Raman active, the molecule must experience a change in polarizability when a
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vibration occurs, which typically renders IR and Raman spectroscopy complementary
techniques.118 A typical use for Raman spectroscopy is verifying the functionalization of
carbon nanotubes (CNTs) by the change of hybridization of the carbon atoms from an sp2
character to sp3 character.119 Figure 3.6 below shows a schematic of a typical Raman
spectrometer.120

Figure 3.6: Schematic of the instrumentation for a Raman spectrometer. The diode laser source is
focused onto the sample, and the scattered light passes through a series of filters to a CCD sensor, which
displays calculates and displays the final spectrum.120

3.6 Contact Angle Measurement
Contact angle measurement is crucial for understanding the hydrophilicity of a material’s
surface. In membrane science, measuring the contact angle is one of the foremost techniques
for analyzing the roughness and wettability of the surface, which holds consequences for the
performance of the membrane. The contact angle is the angle ϴ between a liquid droplet
(typically water) and a solid surface of interest. If the droplet fully wets a membrane, the value
of ϴ is 0°. The more hydrophobic the surface, the greater the contact angle. Generally,
hydrophilic surfaces are defined to have a contact angle ϴ between 0° and 90°; with
hydrophobic surfaces exceeding 90°.121 Figure 3.7 below shows examples of contact angle
measurements for two different surfaces.122
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Figure 3.7: Examples of contact angle measurements of water on (a) a plain polydimethylsiloxane
(PDMS) membrane and (b) 0.5 wt% graphene-PDMS membrane.122

The contact angle of a material is based on a balance between adhesive and cohesive forces.
Adhesive forces between a solid and a liquid cause the spreading of the liquid across the
surface of the solid. Cohesive forces in the liquid minimize the exposed surface area to the
solid. This latter phenomenon is better described as “surface tension” in the case of a liquid:
Unlike the bulk of a liquid where all molecules feel the same pull from their neighbors, the
surface atoms experience an unequal force towards the bulk of the liquid. When the adhesive
forces between the liquid and the solid exceed the cohesive forces in the liquid, wetting of the
surface occurs–- leading to low contact angle values.123
The measurement of the contact angle between a liquid and a solid is undergone using drop
shape analysis (DSA): The instrumentation consists of a stage with a glass slide upon which
the substrate of interest is placed. A syringe is then used to place a droplet on the substrate in
a controlled fashion. Following this, a video camera is used to visualize the droplet, and the
software measures the angle of contact between the droplet and the surface on the left and
right side of the droplet.124

3.7 Scanning Electron Microscopy (SEM)
SEM is an invaluable technique for the detailed visualization of materials in the micro- and
nanoscale. This technique uses an electron gun to fire electrons at the sample to achieve
detailed imaging. It is possible to achieve high-resolution images using this technique, as the
resolution is estimated to be between 1 to 20 nm due to the relatively low wavelength of the
electron beam. The working principle behind this technique relies on the interactions between
the sample and the incident electrons. Since electrons are used as the main source of the
instrument, a vacuum must be achieved within the instrument to ensure a long enough path
length for the electrons to travel. As the electrons travel in a vertical path with guidance from
electromagnets within the device, they eventually meet with the sample and interact
elastically or inelastically.125
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Elastic interactions are the deflection of incoming electrons by the sample nuclei or valence
electrons. When the angle of deflection exceeds 90°, the deflected electrons are dubbed
“backscattered electrons” (BSEs), which can be picked up by the detector to form the final
image. Inelastic interactions, on the other hand, are a broader characterization that can result
in the ejection of numerous species from the surface of the substrate. When an inner-shell
vacancy is created by the electron beam, a higher energy electron fills up the vacancy by
dropping to a lower energy level. This vacancy-filling is accompanied by a release of energy
either in the form of Auger electrons, photons, or X-rays. Additionally, secondary electrons
can be released upon interaction of the beam and the sample: These electrons are released due
to ionization of the sample’s atoms from the incident electrons and are also picked up by the
detector.125 Figure 3.8 shows the possible elastic and inelastic interactions, as well as the effects
of sample thickness.126

Figure 3.8: Figure showing the types of interactions that electrons within a sample can experience with
the incident electrons from an SEM electron gun. (a) Different interactions that take place from electron
collision with a thin sample. (b) Illustration of the effects of sample thickness on the electron
interactions; thicker samples entail more inelastic scattering interactions.126

The key components of an SEM device are shown below in Figure 3.9, and they include: The
electron gun, the objective lens, the vacuum chamber, and the sample stage.127 The electron
gun is used to accelerate the electrons towards the sample, and the anode and scan coils are
used to direct the electrons to the sample in a controlled manner. The objective lens is the final
lens in place for guiding the electrons towards the sample and is responsible for focusing the
electron beam to a miniscule dot over the surface of the sample. As previously mentioned, it
is crucial for the sample to be under vacuum for the electrons to travel through space in an
unimpeded fashion.
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It must be noted that, for non-conducting samples, it is commonplace to layer the sample with
a metallic coating for measurement. This is because, as electrons are fired onto a nonconducting sample, the surface of the sample can accumulate a negative charge. This negative
charge can then alter the trajectory of the incoming electrons and lead to an inaccurate
measurement. Thus, for polymer-based samples, sputter deposition techniques are often
employed to construct a thin layer of gold atop the substrate. The conditions of the sputtering
process must be well-controlled in order to achieve high resolution SEM images.128

Figure 3.9: Diagram showing the crucial components of a scanning electron microscope (SEM).127

3.8 Brunauer Emmett-Teller Theory (BET)
BET measurements are employed to measure pore sizes, surface area, and pore size
distributions in porous materials. The theory of BET is centered around the adsorption of an
inert gas (typically nitrogen) into the pores to yield important data on the pore sizes and
distribution of the substrate.129 Due to the weak interactions between the inert gas and the
substrate, this type of adsorption is known as “physisorption” – as the inert gas does not
chemically bond with the substrate.130 The methodology behind BET analysis is relatively
simple: Firstly, the sample is pre-treated to remove any moisture or impurities that can
interfere with the BET measurement. Upon applying a vacuum and cooling the sample of
interest, a known amount of nitrogen gas is released into the sample until an equilibrium is
established between the rate of adsorption and desorption. Following this, the pressure of the
gas is increased, and the amount of adsorbed nitrogen is measured, which is intimately tied
to the surface area of the pores. In addition to the surface area, it is possible to measure the
pore sizes and pore size distribution of a given material.129 It is worth noting that, for porous
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materials, the pore widths fall into the following ranges: Micropores typically possess pore
widths below 2 nm, mesopores fall between 2-50 nm, and macropores possess pore widths
greater than 50 nm.131
The theory behind BET analysis is meant to expand on Langmuir theory, which was
developed by Irving Langmuir in 1916. Langmuir theory entails the relation of a monolayer of
adsorbed gas molecules in terms of coverage to the pressure of the gas above the solid
substrate. Langmuir’s theory makes the following five key assumptions:
1)
Each surface site on the solid substrate possesses the same adsorption energy for the
adsorbate in question.
2)
There is no interaction between adsorbate molecules in a lateral manner.
3)
The adsorbate forms a monolayer on the surface of the substrate.
4)
The adsorbate gas is ideal.
5)
An adsorbed gas particle remains on the surface site that it first interacts with.
BET theory expands on Langmuir theory, and adds the following additional assumptions:
1)
2)
3)

Gaseous molecules can attach themselves on a solid substrate in infinite layers.
Gaseous molecules only interact with adjacent layers.
Langmuir theory can be applied to each individual layer.

In essence, the key distinction between Langmuir theory and BET theory is that BET treats the
adsorbed gaseous species in a multilayer fashion, rather than as a monolayer.132 The key linear
equation established by BET theory is shown below:
𝑝
𝑝"

𝐶 −1 𝑝
1
𝑝 = 𝑉 𝐶 +𝑝 , + 𝑉 𝐶
*
"
*
𝑉(1 − 𝑝 )
"

(1)

Where p is the equilibrium pressure, p0 is the saturation pressure, V is the total volume of the
gaseous adsorbate species at a pressure of (p/p0), Vm is the monolayer volume, and C is a
constant.133 In a standard BET measurement, the left side of the equation is plotted against
(p/p0), yielding a linear relation as shown in Figure 3.10 below.134 Thus, by using the yintercept and slope values obtained from the BET plot, it is possible to simultaneously obtain
values for the constantI) and the monolayer volume (Vm).
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Figure 3.10: Diagram showing a BET plot with the indicated slope and y-intercept values.134

In addition to obtaining accurate values for the surface area, pore width, and pore volumes of
a given porous material, BET analysis can be used to qualitatively determine the pore structure
from a generated isotherm. Figure 3.11 below shows the different types of isotherms according
to the International Union of Pure and Applied Chemistry (IUPAC).135 Type I isotherms
typically depict a pseudo-Langmuir isotherm (i.e. monolayer adsorption), and identify
microporous materials with pore widths of less than 2 nm. Type II isotherms are the most
common isotherms and show a “knee” at lower pressures, indicating the total formation of a
monolayer followed by the formation of multilayers, which is typically microporous or nonporous materials. Type III isotherms represent materials where only multilayers are formed
and the solid weakly interacts with the gaseous molecules. Type IV isotherms are typical of
mesoporous materials and show a hysteresis behavior – indicating the adsorption and
consequent desorption of the nitrogen gas. Type V isotherms are typical for mesoporous
materials with weak interactions between the substrate and the adsorbate gas, also exhibiting
hysteresis behavior. Finally, Type VI isotherms show the adsorption of multilayer adsorption
on a non-porous and highly regular substrate, with characteristic “steps” for each multilayer
adsorbed.135
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Figure 3.11: Illustration of the different types of isotherms according to the IUPAC.135

An additional key aspect of BET analysis is the ability to qualitatively judge the pore size
distribution based on the differential pore size and differential pore surface area. This
technique gives great insight into the relative amount of micropores, mesopores, and
macropores in a given substrate. The BET analysis provides the differential pore volume
versus pore size for the substrate in question, allowing the elucidation of the types of pores
that compose the highest volume. In conjunction with the differential surface area versus the
pore size, it is made possible to estimate the relative numbers for a given pore type. For
example, if micropores were found to compose the smallest differential pore volume, but
found to yield the highest surface area, it would be reasonable to assume that there are a high
number of micropores in the solid substrate.32
In terms of instrumentation, the key components of a BET instrument are the sample tube, the
N2 gas inlet, the thermostat, and the vacuum. The vacuum is crucial to the operation of the
BET experiment, and the sample must be thoroughly dried before entering the BET
instrument. The thermostat is used to control the temperature of the experiment, as the sample
is typically cooled down before measurement and then heated to remove the adsorbed
nitrogen gas.129
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Chapter 4

Experimental Methods
4.1 Materials
With regards to membrane support formation, polyethersulfone (PES) flakes (UltrasonÒ E
6020 P, average MW = 75,000 g/mol, BASF) was used as the primary polymer for forming the
support layer. Polyvinylpyrrolidone (PVP) (average MW = 360,000 g/mol, Sigma-Aldrich)
was used as a hydrophilic additive to increase the porosity of the support layer.
Dimethylformamide (DMF) (HPLC-Isocratic grade, density = 0.945 g/mL, purity ³ 99.9%,
Carlo Erba) was employed as the solvent for the PES and PVP, and deionized (DI) water
(Millipore) was used as the non-solvent coagulation bath. Sodium sulfate (MW = 142.04
g/mol, Sigma-Aldrich) was used in salt rejection tests for each membrane.
For the formation of the PA layer, m-Phenylenediamine (MPD) (MW = 108.14 g/mol, purity
= 99%, Sigma-Aldrich) was used as the polyamine component and was dissolved in DI water.
1,3,5-benzenetricarbonyl trichloride, also known as trimesoyl chloride (TMC) (MW = 265.48
g/mol, purity = 98%, Sigma-Aldrich) was used as the polyacyl chloride component in the
reaction and was dissolved in n-hexane (for HPLC-Isocratic grade, density = 0.662, purity ³
99%, Carlo Erba).
Graphene oxide (GO) flakes (Single layer graphene oxide-H method, diameter = 1-5 µm,
thickness = 0.8-1.2 nm, purity = 99%, bulk density = 2.62 g/cm3 ACS Material) were dispersed
in DI water for functionalization. 1-(3-Dimethylaminopropyl)-3-Ethyl Carbodiimide
hydrochloride (EDC.HCL) (MW = 191.70 g/mol, purity 99%, Sisco Research Laboratories) was
used as a carboxyl activating agent, and ethylenediamine (EDA) (MW = 60.1 g/mol, density
= 0.9 g/mL, purity = 99%, Advent Chembio) was used as the diamine group. The washing of
the functionalized GO was performed using DI water and absolute ethanol (density = 0.79
g/mL, purity ³ 99.8%). Potassium bromide (KBr) (FT-IR grade, MW = 119.0 g/mol, purity ³
99%, Sigma-Aldrich) was used in forming the pellets for FT-IR analysis.
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4.2 Membrane Synthesis
The synthesis and preparation of the membranes consisted of four key stages: Support
synthesis, TFC synthesis, GO functionalization, and TFN synthesis. The support synthesis
relies on the process of phase inversion under highly controlled conditions to yield a porous
support layer. The TFC synthesis steps consist of optimizing various reaction conditions to
produce a PA layer atop the support. The GO functionalization was intended to impart amine
functional groups to the GO sheets in order to participate in the IP reaction. Finally, the TFN
synthesis entails the dispersion of plain and functionalized GO in the polyamide layer to yield
the final TFN structure. Figure 4.1 below shows a general schematic for the preparation of the
membrane support, PA layer, and TFN membrane.

a)

1) Various PES
solutions in DMF
prepared

2) Solution cast as a thin film with
casting knife set to 150 µm

3) Cast solution exposed to water
coagulation bath

4) PES membrane precipitates and is
washed with DI water

b)

1) MPD solution
prepared and added
atop the PES support
using a variety of
methods

2) TMC solution
prepared and added
atop the MPD-coated
PES support using a
variety of methods

3) The IP reaction is
facilitated and
allowed to thermally
anneal to yield the
final TFC

2) TMC solution
prepared and added
atop the MPD- and
GO-coated PES
support

3) The IP reaction is
facilitated and
allowed to thermally
anneal to yield the
final TFN membrane

c)

1) MPD solution
prepared with GO or
functionalized GO
dispersed at various
concentrations, then
added atop PES

Figure 4.1: Schematic of the key steps in the (a) support, (b) TFC, and (c) TFN synthesis.
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4.2.1 Support Layer Synthesis
In order to form the support layer, a cast solution was first prepared. The various
concentrations of DMF, PES, and PVP are presented in Table 4.1 below, and the concentrations
are in terms of weight percentage (wt%). All solutions were prepared by first dissolving the
PVP in DMF under stirring for 30 minutes. Following this, the required amounts of PES were
added to the solution, agitated with a glass stirring rod to prevent clumping, and left to stir
for 24 hours to ensure a homogeneous solution. Afterwards, the solution was removed from
the stirring plate and left to stand for 24 hours in order to remove any air bubbles. For the
solution containing only PES and DMF, the same process was repeated without adding PVP.

Table 4.1: Various compositions of the support membrane implemented throughout this work.

Sample

PES (wt%)

DMF (wt%)

PVP (wt%)

S1

17.5

82.5

0

S2

16

82.5

1.5

S3

15

82.5

2.5

Following this, each solution was cast as a thin film using an Elcometer 4040 film applicator
at a casting speed of 90 mm/sec. Figure 4.2 shows a photo of the film applicator. The casting
knife thickness was set to an initial casting thickness of 150 µm, and the solutions were poured
into the solution compartment of the casting knife. Afterwards, the knife was allowed to cast
the solution in a thin film over a glass slide. The glass slide containing the cast solution was
removed from the applicator and placed in a coagulation bath filled with 3L of DI water for
10 minutes. The coagulation step led to the precipitation of an opaque, eggshell-colored
support membrane. A plastic bag was prepared with 20 mL of DI water for the membrane
support to be stored, and the membrane was placed in the plastic bag for at least 24 hours
before characterization or synthesis of TFC/TFN membranes.
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Figure 4.2: Photograph of the Elcometer 4040 film applicator.

4.2.2 PA Layer Synthesis (TFC)
Before proceeding with the vacuum filtration technique for the formation of the PA layer,
various trials were undergone using differing IP techniques. The first attempted trial used a 9
cm x 17 cm glass mold for PA layer synthesis, which is shown in Figure 4.3 below. To produce
the TFCs, a solution of 4 wt/vol% MPD in DI water was prepared, along with a 0.2 wt/vol%
solution of TMC in n-hexane. Following this, the S2 support membrane was draped onto the
mold as shown in Figure 4.3, and 25 mL of the aqueous solution were poured into the mold
for a contact time of 5 minutes. Upon discarding the aqueous solution, 25 mL of the TMC
solution were added for a contact time of 2.5 minutes and then consequently discarded.
Finally, the membrane was placed uncovered in an 80°C oven for 10 minutes to complete the
IP reaction. The contact time, concentration, and annealing parameters for this trial are
denoted in previous work by our research group.136
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Figure 4.3: Photograph of the glass mold used for early PA layer synthesis.

In addition to the previous method, two more IP methods were implemented in the early
stages: A vacuum filtration method and a “sealed mold” method. The impetus for using the
vacuum filtration method was to use the suction capability of the vacuum filtration setup to
effectively “flatten” the 5 cm-diameter support section as the MPD and TMC solutions were
sequentially applied. This would hypothetically allow for more homogeneity of the applied
solutions and would preclude the issue of support membrane ridging and curling, which
would presumably lead to an inhomogeneity in the wetting of the support with the aqueous
MPD and organic TMC solutions. For the vacuum filtration method, the setup in Figure 4.4
(a) was used, and a 5 cm-diameter circular portion of the S2 support membrane was cut to fit
into the apparatus. Following this, a 4 wt/vol% solution of MPD in DI water was prepared,
along with a 0.2 wt/vol% solution of TMC in n-hexane. The 5 cm-diameter support membrane
portion was placed on the frit of the vacuum filtration setup and vacuumed for 30 seconds to
remove any residual water. 2 mL of the MPD solution were then pipetted atop the support
layer and left unperturbed for a contact time of 30 seconds. Afterwards, the solution was
vacuum filtered for 1 minute or until the membrane surface was dry. Following this, 2 mL of
the TMC solution were added onto the support and left for a contact time of 2.5 minutes. Upon
pouring out the TMC solution, the support was placed uncovered on a glass slide in an 80°C
oven for 10 minutes to complete the annealing step for the IP process. The “sealed mold”
method involved the use of the setup in Figure 4.4 (b) below and was composed of two layered
glass slides with a 5 cm-diameter circular cut in the top-most slide. A foam mat with a 5 cmdiameter circular cut was placed in between both slides and held in-place with paperclips. The
reasoning behind the use of the sealed mold method (which is typically used in combination
with vacuum filtration) in the literature was to prevent the buckling and curling of the
membrane during the thermal annealing step.137 Briefly, a circular portion of the S2 support
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membrane with the same dimensions as the previous method was placed in the setup in
Figure 4.4 (b). Afterwards, 2 mL of the 4 wt/vol% aqueous solution were pipetted for a contact
time of 5 minutes. Upon discarding the aqueous solution, 2 mL of the 0.2 wt/vol% TMC
solution were added into the mold for 2.5 minutes. Finally, the solution was discarded, and
the mold was placed directly into an 80°C oven for 10 minutes.

b)

a)
Sample

Sample

Figure 4.4: Photographs of the (a) the vacuum filtration setup with the following key components: The
glass compartment where the 5 cm-diameter support cut is placed (labeled “Sample”), large metal clip
to tightly seal the glass compartment to the vacuum setup, 1L Erlenmeyer flask, and hose attachment
to the vacuum pump. (b) The sealed mold setup with the following components: yellow foam mat
sandwiched between two glass slides to form a tight seal, paperclips to hold the seal in place, and 5 cmdiameter cut in the topmost glass slide and the yellow mat to form a space to place the support cut
(labeled “Sample”).

The remaining early-stage IP trials involved minor variations to the aforementioned
techniques: The TFC-4 trial involved the washing of the support membrane with 5 mL of nhexane following the addition of TMC to remove any unreacted monomer. This hexane wash
was intended to remove any unreacted TMC monomers on the surface of the membranes after
the 2.5 minutes of contact between the TMC solution and the membrane support.138 A second
trial (TFC-5) involved a 20-minute thermal curing time in the 80°C oven. However, the final
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TFC membrane formulation relied on the implementation of an alternate technique that
combined the use of both apparatuses in Figure 4.4 (a) and (b), as well as halving both the
MPD and TMC concentrations. The impetus for halving the monomer concentrations was that,
upon consulting the literature, some reports used MPD concentrations of 2 wt/vol% and TMC
concentrations of 0.1 wt/vol% as opposed to the higher concentrations previously used.79
Regarding the combination of the vacuum filtration and mold techniques, it was found that
some literature sources used the vacuum filtration method for applying the MPD solution and
the sealed mold method for applying the TMC and placing the membrane in the oven.137 The
use of both of these methods was assumed to combine the advantages of both methods to
yield more uniform TFC membranes. To commence the process, a 5 cm-diameter circular
portion of the S3 support membrane was cut using a knife. Simultaneously, the two solutions
necessary to form the PA layer were prepared: One solution contained a 2 wt/vol%
concentration of MPD in DI water, and one solution contained a 0.1 wt/vol% concentration of
TMC in n-hexane. The 5 cm-diameter support membrane portion was placed on the frit of the
vacuum filtration setup and vacuumed for 30 seconds to remove any remaining water.
Following this, 2 mL of the MPD solution were pipetted atop the support layer and left for a
contact time of 30 seconds. Afterwards, the solution was vacuum filtered for 1 minute or until
the membrane surface was dry. The membrane was then removed from the vacuum filtration
setup and placed in the mold shown in Figure 4.4 (b). To induce the IP process, 2 mL of the
TMC solution was pipetted onto the membrane with a contact time of 2.5 minutes. Finally, the
mold containing the membrane was placed in an 80°C oven for 10 minutes to complete the
thermal annealing stage. For storage, the TFC membrane was placed in 20 mL of DI water for
24 hours before further analysis. Table 4.2 below shows the parameters used for all TFC trials.
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Table 4.2: Various parameters used for the IP process throughout this work.

Sample

Support Layer

MPD

TMC

Concentration

Concentration

(wt/vol%)

(wt/vol%)

TFC-1

S2

4

0.2

TFC-2

S2

4

0.2

TFC-3

S2

4

0.2

Technique
Description
Glass mold
Vacuum
filtration
Sealed
mold
Vacuum

TFC-4

S2

4

0.2

filtration,
hexane
wash
Vacuum

TFC-5

S2

4

0.2

filtration, 20
minutes
curing time

TFC-6

S3

4

0.2

Vacuum
filtration
Vacuum

TFC-7

S3

2

0.1

filtration
and sealed
mold

4.2.3 GO Functionalization & Incorporation (TFN)
The preparation of the final TFN consisted of three key steps: The variation and optimization
of multiple TFN membranes embedded with plain GO, the functionalization of GO, and the
incorporation of functionalized GO in the PA layer. Firstly, multiple TFNs were produced
with varying concentration of plain GO; this was done to assess the effects of GO concentration
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on the performance and morphology of each TFN membrane. Concurrently, GO was
functionalized in order to impart an amine group for participation in the IP reaction. Finally,
the functionalized GO was incorporated within two different TFN formulations (i.e. at two
different concentrations of functionalized GO).

A) GO Functionalization
In order to impart the desired amine groups onto the GO sheets, a functionalization reaction
was necessary. The process for functionalizing the GO was adapted from various literature
sources.93,139,140 Firstly, 0.2 g of single-layer GO were dispersed in 25 mL of DI water using a
QSonica Q700 probe sonicator at 75% amplitude. The pulse-on time was 30 seconds, and the
pulse-off time was 1 minute; the total process time was 5 minutes. 0.05 g of EDC were added
to the GO dispersion under stirring. The EDC was left to stir for 1 hour in an ice bath.
Afterwards, 1 g of EDA was added, and the reaction was left to stir for 24 hours. After the time
had elapsed, the contents of the reaction were added to centrifuge tubes and centrifuged at
9,000 RPM at 15°C for 15 minutes to remove any un-reacted EDA and EDC. The rotor used
was a HERMLE 221.22 V20 rotor. The supernatant was then removed and discarded. Three
successive washings were performed using a 50/50 vol/vol mixture of water and absolute
ethanol, and each washing was centrifuged at the same settings. With each washing, the
supernatant was discarded. The final product of the washings was removed and placed in a
ceramic crucible and dried overnight in a 50°C oven to ensure drying of the functionalized
GO. Finally, the remaining desiccated product was placed in a desiccator for storage and
further analysis.
B) TFN Membrane Synthesis (Plain GO)
Preceding the incorporation of the functionalized GO to the membranes, various
concentrations of plain GO were incorporated into TFN membranes. Table 4.3 below presents
the different concentrations of GO used in each sample in terms of wt/vol% in DI water. In
order to synthesize each TFN, the following steps were performed: Each GO sample was
dispersed in DI water at the concentrations shown in Table 4.3 using ultrasonication.
Following this, the MPD was dissolved in each dispersion to form a 2 wt/vol% solution, and
the TMC solution was dissolved in n-hexane to form a 0.1 wt/vol% solution. The process for
the formation of the TFN then follows the same process as the TFC membrane, where the
aqueous MPD solution is replaced by the aqueous MPD-GO solution.
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Table 4.3: Table showing the various concentrations of GO used in each TFN membrane trial.

Sample

GO (wt/vol%)

TFN-1

5x10-4

TFN-2

1x10-3

TFN-3

1x10-2

TFN-4

1x10-1

C) TFN Membrane Synthesis (Functionalized GO)
The functionalized GO was embedded in the PA layer to form the final membrane using
similar steps to the previous section. However, upon removal of the functionalized GO from
the drying oven, the GO is in the form of larger flakes. Therefore, in order to allow for a better
dispersion in water, a mortar and pestle were used to grind the functionalized GO into a fine
powder before ultrasonication. Otherwise, the exact same steps as the previous section were
used to embed the functionalized GO in the PA layer. Table 4.4 below shows the different
concentrations of functionalized GO used in this work.
Table 4.4: Table showing the various concentrations of functionalized GO used in each TFN
membrane trial.

Functionalized GO

Sample

(wt/vol%)

fTFN-2

1x10-3

fTFN-3

1x10-2

4.3 GO Functionalization Characterization
4.3.1 FT-IR Measurements
The FT-IR measurements were taken using a Thermo Scientific NICOLET 380 device. The
measurements were focused on identifying the functionalization of the GO and comparing
these measurements to the plain GO. In order to produce a solid pellet for FT-IR analysis, a
sample of the GO is placed in a mortar and pestle with 100 times the amount of KBr. The
powder was ground with the pestle and compressed at 1,172 bar and under vacuum using a
hydraulic press. The pellet obtained from the hydraulic press was then placed in the FT-IR
instrument for analysis.
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4.3.2 Raman Spectroscopy
The Raman spectroscopy measurements for the GO functionalization were collected using an
Enwave Optronics ProRaman-L device with a maximum output power of 500 mW. The lens
used was a 9 mm focal length optical lens, and the emitted wavelength of the monochromatic
laser was 785 nm. Each sample was placed on a glass slide in the sample holder, and the
measurements were taken in a dark room.

4.3.3 TEM
The TEM measurements for the single-layer GO before and after functionalization were
performed on a Jeol JEM-1200EX device. For each measurement, a low-concentration
dispersion of each nanomaterial in DI water was pipetted into the sample holder for
measurement. The purpose of the dispersion was to prevent the agglomeration of the GO
sheets for easier visual identification of the sheet dimensions.

4.4 Membrane Characterization
4.4.1 BET Analysis
The membrane porosities were determined with a Micromeretics ASAP 2020 instrument using
N2 adsorption. Before measurement, sample preparation was undergone as follows: The
membranes were first cut into 3 cm x 3 cm pieces and dried in an 80°C oven for 30 minutes.
The membrane pieces were then placed into a sample tube, and into the Micromeretics ASAP
2020 device. The degassing process was in accordance with previous work and occurred under
50 µm Hg at 30°C for a duration of 30 minutes, followed by heating at 80°C for a period of 6
hours.136 The adsorption stage of the N2 gas was proceeded at a temperature of -195.8°C.

4.4.2 Contact Angle Measurements
For the contact angle measurements, the sessile drop method was used to calculate the leftand right-side contact angles using a Krüss Drop Shape Analyzer (DSA 25) instrument. The
micro-syringe that was used to apply the water droplet to each sample contained 5 µL of DI
water. With regards to replication, 3 different measurements were taken from different
locations of each membrane, and the left- and right-side angles were averaged for each
measurement.
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4.4.3 SEM
The high-magnification SEM measurements throughout this work were taken using an FEI
Quanta FEG250 Field Emission Electron Microscope (FESEM). The measurements undergone
include both cross-sectional and top-view images of the membranes. Before placing each
membrane in the sample holder for the SEM measurements, each sample was sputtered with
a layer of gold at a current of 15 mA for 4 minutes. The cross-sectional low-magnification
measurements were collected using a Neoscope JCM-6000 Plus JEOL Benchtop SEM, and the
sample preparation with gold sputtering was prepared in the same fashion as the highmagnification measurements.

4.5 Membrane Performance
Both the salt rejection and water permeability of each membrane were evaluated using a
stirred dead-end cell. The device used was a Sterlitech HP4750 dead-end cell (shown in Figure
4.5 below), which was used to apply a controlled pressure to each membrane.136 The process
for measuring the water permeability and salt rejection for each membrane was as follows:
Firstly, a 5 cm-diameter portion of each membrane was cut with a knife to be placed on a
metallic membrane support disk within the cell. For the TFN membranes, the 5 cm-diameter
membrane portions were previously prepared in the vacuum filtration process. Following
this, the cell was filled with DI water and sealed. The cell contents were compressed at 8 bar
for 30 minutes in order to stabilize the flow of the permeate, and then pressurized at 6 bar in
order to measure the pure water permeability (PWP). Measurements for the plain support
membrane entailed pressurization at 4 bar for 30 minutes and measurement at 2 bar.
Following the measurement of the PWP, the DI water in the cell was discarded and the cell
was filled with 5,000 ppm sodium sulfate solution, and 5 mL of permeate were collected at 6
bar for analysis using a Jenway Advanced Benchtop Conductivity Meter. The PWP was
calculated in accordance with Equation 2 below, while the salt rejection of the sodium sulfate
was determined using Equation 3. It is important to note that all measurements made were in
triplicate, and the mean and standard deviation of each set of measurements is reported.
𝐽/ =

𝑣
𝐴∆𝑡

(2)

Where Jw is the water permeability (or PWP) measured in L/m2•h (which can be normalized
by pressure in bar), v is the permeate volume collected in liters, A is the active filtration area
(m2), and Δt is the time (in hours) in which the permeate volume was collected.
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𝑅% = 1 − 6

𝐶7
× 100;
𝐶8

(3)

Where R% if the salt rejection percentage of the sodium sulfate solution, Cp is the concentration
of the permeate and Cf is the concentration of the feed solution.

Figure 4.5: Sterlitech HP4750 dead-end cell setup. The setup is placed on the stirrer as shown and is
attached to a nitrogen tank with a pressure gauge to control the amount of pressure entering the system.
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Chapter 5

Results & Discussion
5.1 Support Layer Optimization
In order to determine the optimal support formulation to use in the final TFN, various support
membranes were synthesized and characterized based on their water flux performance and
porosity. As explained in Chapter 2, the purpose of the support layer is to facilitate the passage
of water at a high flux. The desired characteristics in the final support formulation were to
form a highly porous and hydrophilic layer with a high pure water permeability (PWP).

5.1.1 Preliminary Support Synthesis
A) Low Concentration PES (15 wt%)
The first synthesized support membrane was formulated in accordance with the literature
based on a 15 wt% PES polymer solution in 85 wt% DMF.141 This was considered a starting
point for selecting the concentration of PES in the polymer solution. Additionally, the
thickness of the cast film was set at 150 µm in agreement with the literature.142 While the
solution was prepared in a facile manner, the solution viscosity was low when cast as a thin
film. This led to the “spreading” of the cast solution upon pouring into the solution
compartment of the casting knife. Despite the relatively high speed of the casting knife (90
mm/sec), the solution spread itself out from under the casting knife, leading to the casting of
an inhomogeneous membrane with a low structural integrity. Due to the seepage of the
polymer solution from under the casting knife, it was additionally observed that there were
regions in the cast film of high polymer density and low polymer density, leading to holes in
the structure of the membrane. This was deemed an unsuitable membrane formulation, and
it was determined that higher polymer concentrations would need to be used. Despite the
undesirable morphology of the 15 wt% PES membranes, BET analysis was undergone to assess
the structure of the membrane support. The key BET plots are shown in Figures 5.1-5.4 for the
15 wt% PES sample. Additionally, the BET surface area for the sample was calculated to be
14.02 m2/g with an average pore width of 13.71 nm.
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Figure 5.1: Differential pore volume versus pore width for the sample containing 15 wt% PES in DMF.

Figure 5.2: Differential pore volume versus pore width for the sample containing 15 wt% PES in DMF
for the microporous range.
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Figure 5.3: Differential pore surface area versus pore width for the sample containing 15 wt% PES in
DMF.

Figure 5.4: Differential pore surface area versus pore width for the sample containing 15 wt% PES in
DMF for the microporous range.
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The BET plots shown in Figures 5.1 and 5.2, indicate that the largest pore volume occurs at
pore widths of 86.2 nm. By qualitatively analyzing the data displayed in Figure 5.2, it is
evident that the micropores (< 2 nm) give rise to relatively large differential pores volumes.
An additional point to be noted is the negligible presence of mesopores between 2-5 nm.
Figures 5.3 and 5.4 for the differential surface area versus pore widths, indicate that the 15
wt% PES sample possessed micropores between 1.4-1.9 nm with high differential surface area
values, with a maximum differential surface area of 25.4 m2/g at 1.4 nm. When considering
this finding to Figures 5.1 and 5.2, these micropores possess low differential volume values
(0.017 cm3/g), but the highest differential surface area values (25.4 m2/g), reflecting the large
number of these types of pores. While the 15 wt% PES sample was not used further, the BET
results provided a cursory view of the type of anticipated pore sizes and pore size
distributions for the support membranes that were synthesized further on.
B) High Concentration PES (20 wt%)
Upon determining that a higher concentration of PES should be used for casting, a 20 wt%
PES solution was prepared in 80 wt% DMF. This PES concentration is reported in the
literature.142 Upon preparing the 20 wt% solution and leaving it under stirring for 24 hours, it
was immediately clear that the solution had coagulated, and was rendered unsuitable for
casting into a thin film. Figure 5.5 shows a photograph of the 20 wt% solution after 24 hours
of stirring. The reasoning for this gelation is hypothesized to be due to the high concentration
of the PES. Chain entanglement of the PES occurs at higher concentrations which can lead to
the gelation of the polymers to form one distinct phase.
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Figure 5.5: Two images of the same 20 wt% PES sample in 80 wt% DMF after 24 hours of stirring.
Evidently, gelation of the PES polymer occurred.

C) Middle Concentration PES (17.5 wt%)
Upon concluding that the lower-end and higher-end PES concentrations would be unsuitable
for casting a thin film, a middle concentration of PES was used to form the membrane support.
This concentration was chosen to fall in-between the two previous concentrations (17.5 wt%
PES in 82.5 wt% DMF). After preparing the PES in DMF as per the descriptions in Chapter 4
and stirring for 24 hours, the resulting solution was clear and homogeneous, as shown in
Figure 5.6 below. Upon casting the solution at 150 µm and placing the film in a coagulation
bath, the resulting membrane was a thin, opaque, eggshell-colored membrane with a
seemingly higher structural integrity than the 15 wt% membrane. Following the storage of the
membranes in deionized water for 24 hours, the PWP of the support membrane was
measured; and BET and SEM measurements were conducted to analyze the structure of the
membrane. Figures 5.7-5.10 display the BET data obtained. Figure 5.11 shows the SEM images
of the sample. The PWP at 2 bar was 167.64 ± 14.30 Lm-2h-1bar-1. The BET surface area for the
sample was calculated to be 14.18 m2/g.
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Figure 5.6: Image of a 17.5 wt% PES sample in 82.5 wt% DMF after 24 hours of stirring. The solution
was clear and homogeneous.

Figure 5.7: Differential pore volume versus pore width for the sample containing 17.5 wt% PES in DMF.
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Figure 5.8: Differential pore volume versus pore width for the sample containing 17.5 wt% PES in DMF
for the microporous range.

Figure 5.9: Differential pore surface area versus pore width for the sample containing 17.5 wt% PES in
DMF.
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Figure 5.10: Differential pore surface area versus pore width for the sample containing 17.5 wt% PES in
DMF for the microporous range.

(b)

(a)

Figure 5.11: FE-SEM cross-sectional images of the 17.5 wt% at magnifications of (a) 800X and (b) 1,400X.
The images show straight finger-like pores, and the cross-section of the membrane was measured to be
49.35 µm.
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The SEM images indicate that the 17.5 wt% sample exhibits the finger-like pores that have
been reported in the literature for PES in a DMF solution.54 This is attributed to a relatively
low viscosity of the casting solution and a fast solvent/non-solvent exchange.143,144 In general,
it has been shown that support membranes with finger-like pores and macrovoids tend to
possess high water permeation values compared to sponge-like morphologies; however, these
types of membranes have also been shown to possess lower salt rejection values.143 With
regards to the thickness of the membrane, it is noted that an initial casting thickness of 150 µm
led to a final thickness of ~ 50 µm. This is not considered an abnormality, as demonstrated by
Boussu et al. The authors synthesized 14 wt% and 20 wt% PES membranes in DMF at an initial
casting thickness of 150 µm and measured final casting thicknesses of 50 and 60 µm,
respectively. The authors explained that this “shrinking” occurs due to the transport of the
DMF into the non-solvent (water) being faster than the transport of water into the polymer
matrix, leading to a contraction of the support.
The BET differential pore volume graphs indicated that the largest differential pore volumes
occurred for pore widths of 93.1 nm. As observed with the 15 wt% sample, the uptick in
differential pore volumes started to occur at pore widths of approximately 25 nm.
Additionally, the micropores (< 2 nm) exhibited relatively high differential pore volumes. In
addition, there was an absence of mesopores in the 17.5 wt% sample. Finally, the BET surface
area values for the 17.5 wt% sample were similar to the lower concentration sample (14.18
m2/g versus 14.02 m2/g).
Concerning the PWP of the support membrane, the value of 167.64 ± 14.30 Lm-2h-1bar-1 is
certainly a high flux value compared to the literature indicating that the synthesized
membranes can easily facilitate the passage of water. While the obtained flux values for the
17.5 wt% support are considerably higher than the work of Zhao et al, the authors obtain
relatively high flux values for their 15 wt% PES membrane in DMF (~ 160 L/m2h at 2 bar).145
The dissimilarities in the obtained permeability in this work and that of Zhao et al. may be
due to the differences in film thickness; the authors cast their membranes at an initial thickness
of 200 µm and obtained membranes with a 64 µm final thickness. As the permeation is notably
affected by the membrane thickness, this may be the causative factor for the difference in the
permeation results between this work and that of Zhao et al. In the work of Wang et al. in
2022, for example, the authors used an initial casting thickness of 150 µm for a 15 wt% PES
solution in DMF and obtained a PWP of ~340 Lm-2h-1bar-1, demonstrating the capability of
achieving ultra-high flux values for PES/DMF membranes.146
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5.1.2 Membrane Support Trials
Using the 17.5 wt% PES membrane as a baseline, the next step entailed the optimization of the
support membrane to yield high flux values. Due to the reasonable morphology, structure,
and permeation characteristics of the 17.5 wt% PES membrane, the total weight percentage of
polymer used in the support membrane trials was held constant at 17.5 wt%. In accordance
with various literature reports, the influence of polyvinylpyrrolidone (PVP) on the
morphology and performance of the membranes was tested and compared to the 17.5 wt%
PES membrane. As shown in Table 5.1, the samples tested were as follows: S1 denotes the
17.5 wt% PES sample, S2 represents a 16 wt% PES and 1.5% PVP sample, and S3 denotes a 15
wt% PES and 2.5 wt% PVP sample. In order to determine the concentration to be used in the
final TFN membranes, the goal was to form a highly porous membrane with high water
permeation. Permeation measurements were performed in triplicate for each sample.
Additionally, BET was used to determine the pore sizes and pore size distributions of each
sample in order to identify the sample that could yield the most favorable pore morphologies,
as well as correlate the permeation behavior to the pore morphology of each sample. Finally,
cross-sectional SEM images of the membrane with the most favorable performance
characteristics were obtained.
A) BET Measurements & Discussion
Figures 5.12 and 5.13 show the differential pore volume versus pore widths and Figures 5.14
and 5.15 show the differential pore surface areas versus pore widths for each sample. Table
5.1 then compares the average pore sizes and average pore surface areas of the different
samples.
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Figure 5.12: Overlayed plots of the differential pore volume versus pore width for S1 (17.5 wt% PES in
DMF), S2 (16 wt% PES, 1.5 wt% PVP in DMF), and S3 (15 wt% PES, 2.5 wt% PVP in DMF).

Figure 5.13: Overlayed plots of the differential pore volume versus pore width for the microporous
range for S1 (17.5 wt% PES in DMF), S2 (16 wt% PES, 1.5 wt% PVP in DMF), and S3 (15 wt% PES, 2.5
wt% PVP in DMF).
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Figure 5.14: Overlayed plots of the differential pore surface area versus pore width for S1 (17.5 wt%
PES in DMF), S2 (16 wt% PES, 1.5 wt% PVP in DMF), and S3 (15 wt% PES, 2.5 wt% PVP in DMF).

Figure 5.15: Overlayed plots of the differential pore surface area versus pore width for the microporous
range for S1 (17.5 wt% PES in DMF), S2 (16 wt% PES, 1.5 wt% PVP in DMF), and S3 (15 wt% PES, 2.5
wt% PVP in DMF).
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Table 5.1: Table showing the BET surface area and average pore widths for S1, S2, and S3.

Sample

PES (wt%)

PVP (wt%)

BET Surface

Average Pore

Area (m2/g)

Width (nm)

S1

17.5

0

14.18

16.32

S2

16

1.5

23.52

14.51

S3

15

2.5

30.19

11.29

A wealth of information can be obtained from the BET measurements presented above. Firstly,
by comparing the average BET surface areas across the samples, it is evident that this value
greatly increased with PVP content. In addition, the average pore width is observed to
decrease with increasing concentrations of PVP in the support. This signifies that as more PVP
is incorporated into the cast solution, there is a likely development of smaller pores with
higher differential surface areas. This finding is corroborated with the BET plots in Figures
5.12-5.15. Among the key findings that arise when comparing the plots between each sample
is that, with S3, both the maximum differential pore volumes and differential surface areas for
the micropores are significantly greater than S1 and S2. This seems to indicate that the relative
number of micropores in S3 are greater compared to S1 and S2. Another key factor that arises
when comparing these plots is the appearance of mesopores for S2 and S3, signifying a
potential increase in the number of smaller pores compared to the bare PES membrane. The
increase in porosity of the support with increasing PVP concentration agrees with the
literature and highlights the action of PVP as a pore-forming agent.147 Based on the BET data,
the choice for the support formulation to be implemented in further studies was S3.
B) Permeation Measurements & Discussion
The permeation measurements obtained for each sample were the crucial factor in
determining the choice of support. Table 5.2 below shows the pure water permeation
measured for each sample (S1, S2, S3) in triplicate using a dead-end cell at a pressure of 2 bar,
and Figure 5.16 displays the PWP data in a graphical format. The most important conclusion
sought out for these experiments was the identification of the sample with the highest PWP.
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Table 5.2: Table showing the permeation data measured at 2 bar in triplicate for S1, S2, and S3.

Sample

PES (wt%)

PVP (wt%)

PWP (Lm-2h-1bar-1)

S1

17.5

0

167.64 ± 14.30

S2

16

1.5

747.59 ± 21.02

S3

15

2.5

964.25 ± 39.44

Based on the stark increase in PWP with increasing PVP concentrations, the choice of support
layer used for further experiments was elected to be S3. The achievement of ultra-high flux
values for PES/PVP membranes is found in the literature; for example, Sienkiewicz et al.
attained a pure water flux of ~600 L/m2h at a transmembrane pressure of 1 bar for a PES
membrane composed of 14.8/2.4 wt% PES/PVP in DMF.148 Due to the difference in casting
thickness, it is not surprising that the flux values in Table 5.2 and the work of Sienkiewicz et
al. are not precisely aligned; however, the study demonstrates an example of ultra-high flux
values for a similar overall composition. In an additionally similar result, Milescu et al
synthesized a 16/4 wt% PES/PVP membrane in NMP and achieved a PWP of 720.3 Lm-2h1bar-1.149 The increase in pure water flux with increasing PVP concentration is likely due to the
faster demixing that occurs upon introduction of the PVP. A 2009 paper by Susanto and
Ulbricht introduced multiple hydrophilic additives to a PES-based solution and detailed the
measurements of morphological features of the resulting membranes.150 In their work, the
authors theorized that the increase in water flux observed upon adding the hydrophilic
additives was due to faster demixing. Although there is an interplay between the faster phase
separation of the system and the increase in viscosity induced by addition of the hydrophilic
additives, the authors argued that the effect of the fast demixing was the dominant process
upon the addition of hydrophilic additives. This faster demixing leads to larger macrovoids
and higher permeation values in agreement with other literature sources.62,63
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Figure 5.16: Pure water permeation (PWP) for 3 support membranes (S1, S2, and S3) measured in
triplicate.

C) SEM Data
As the choice for the membrane support moving forward was S3 (15 wt% PES and 2.5 wt%
PVP in DMF), cross-sectional SEM images were taken of S3 at different magnifications. In
addition to this, the cross-sectional thickness of the membranes was measured in order to
understand how the addition of PVP contributed to the support membrane thickness. Figure
5.17 below displays the aforementioned images.
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(b)

(a)

(c)

Figure 5.17: Cross-sectional SEM images of the best-performing support membrane (S3 – 15 wt% PES,
2.5 wt% PVP in DMF) with the following magnifications: (a) 400X, (b) 800X, (c) 800X with the crosssectional thickness measured to be 86.9 µm.

As can be seen in Figure 5.17, the support layer morphology appears to be significantly
different from the support shown in Figure 5.11 for the 17.5 wt% PES membranes. The straight
finger-like voids appear to not extend to the base of the membrane, and the sublayer of the
support appears to be occupied with macrovoids. This finding is consistent with the work of
Amirilargani et al, where the authors noted the occurrence of large macrovoids (~ 50 µm) with
increasing PVP concentrations in their asymmetric PES membranes. The authors argued that
the PVP possesses a low affinity for the PES and a high affinity for the solvent, leading to a
high thermodynamic instability in the cast solution.66 This instability was argued to cause
faster demixing of the polymer and form large macrovoids in the final membrane. In the
aforementioned 2009 paper by Susanto and Ulbricht, the authors noted that their PES/PVP
membranes had increased in thickness by approximately 30 µm compared to the plain PVP
membranes, as was observed in this work. In conclusion, by analyzing the SEM images in the
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present study, it appears that the addition of PVP led to the formation of large macrovoids
and a higher PWP.

5.2 TFC Membrane Formation
In order to synthesize the PA layer atop the S3 support layer, various trials were undergone
and assessed based on their resulting desalination performance. The IP trials can be broken
down into 2 main stages; the first stage involved the selection of the best overall method for
the application of the PA layer, and the second stage entailed the variation of certain
parameters to obtain a TFC with a high salt rejection using the method selected in Stage I.
Overall, there were 7 TFC trials, and the salt rejection of Na2SO4 and PWP were measured in
triplicate for each TFC. The use of Na2SO4 solution for salt rejection trials of RO desalination
membranes is well-documented in the literature.71,76,88 The goal of the synthesis of the
polyamide layer was to produce a well-performing TFC membrane that could be further used
in incorporating the GO and the functionalized GO. It would then be possible to compare the
performance characteristics of the final TFN to the rejection and flux of the TFC layer. In
comparison with TFN membranes, TFC membranes have been shown to typically exhibit
relatively low flux values due to the presence of the tight polyamide layer atop the active skin
layer of the support, which is highly efficient in rejecting incoming salt.151

5.2.1 Stage I: IP Method Selection
In accordance with previous work on PA layer formation, a glass mold was first used as
detailed in the previous chapter for preparing sample TFC-1.136 A vacuum filtration method
was used for the preparation of sample TFC-2. As previously mentioned, the use of vacuum
filtration (specifically with regards to the application of the MPD solution) is well-documented
in the literature.103,105 Finally, the “sealed mold” method was used as depicted in Figure 4.3 (b)
to prepare sample TFC-3.137 Each of these membranes was evaluated based on the salt rejection
performance. The salt rejection results for each method are shown in Figure 5.18 below.
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Figure 5.18: Salt rejection trials using a 5,000 PPM Na2SO4 solution for 3 TFC membranes (TFC-1, TFC2, and TFC-3) measured in triplicate.

By using the glass mold, it was visually clear that the PA layer was unstable when stored in
DI water overnight. Sections of the PA layer were seen to be floating in the DI water, and this
instability was evident upon measurement of the salt rejection. While the results were fairly
reproducible for TFC-1, the salt rejection was extremely low for each trial. On this basis, TFC1 was deemed unsuitable, and the glass mold was not used in further preparations. The
vacuum filtration method, on the other hand, clearly led to a more stable PA layer. The PA
layer could visually be identified on the surface of the membrane and gave a semi-opalescent
sheen when exposed to the light. While the salt rejection of TFC-2 was on average greater than
that of TFC-1, there was a wider variability in the values, as demonstrated by the larger error
bar in Figure 5.18. This could be attributed to the deformation of the vacuum filtration samples
upon drying in the oven. In addition to this, the compaction of the membranes at 8 bar for 30
minutes was not yet established, leading to a large variability across all trials for TFC-1, TFC2, and TFC-3. While the sealed mold method used for TFC-3 yielded higher salt rejection than
TFC-1, salt rejection was lower than TFC-2, also with some noticeable variability in the
measurements. It was therefore concluded that the vacuum filtration method would be used
for further experimentation with PA layer formation in Stage II. The literature is abundant
with reports implementing vacuum filtration for TFC and TFN preparation.103–105
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5.2.2 Stage II: IP Trials
For the vacuum filtration method, a number of conditions were varied in order to optimize
the synthesis of the final TFC. It is important to note that, for Stage II trials, the TFCs were
compacted for 30 minutes at 8 bar before measurement of the PWP and salt rejection. As
explained in the previous chapter, TFC-4 entailed washing the membranes with 5 mL of
hexane following the application of the TMC solution atop the support. TFC-5 involved the
doubling of the thermal annealing time at 80°C in the oven to potentially promote further
cross-linking. TFC-6 implemented the use of S3 as a support membrane and followed the same
protocol as TFC-2. Finally, TFC-7 entailed various changes to the previous TFCs; the
concentration of both the MPD and TMC were halved, and the vacuum filtration technique
was combined with the sealed mold technique. Figure 5.19 and Figure 5.20 show the salt
rejection and PWP measurements for each methodology, respectively. It is important to note
that it was not possible to measure the salt rejection for sample TFC-5 because it was found
that heating the sample at 80°C for 20 minutes adversely impacted the structural integrity of
the membrane leading to unusable membrane sections for performance measurement. The
heat treatment led to discolorations and cracks in the membrane surface, which led to the
breakage of certain membrane regions upon handling.

Figure 5.19: Salt rejection trials using a 5,000 PPM Na2SO4 solution for 3 TFC membranes (TFC-4, TFC6, and TFC-7) measured in triplicate.
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Figure 5.20: Pure water permeation (PWP) for 3 TFC membranes (TFC-4, TFC-6, and TFC-7) measured
in triplicate.

The difference between the Stage I and Stage II results was noticeable; and the salt rejection
values obtained in Stage II were generally higher and relatively more reproducible. With
regards to TFC-4, the PA layer was significantly more stable than the Stage I trials, but there
was a high variability in the salt rejection data. Additionally, the difference in average salt
rejection for TFC-6 was not high enough to identify the hexane wash as a useful step in the IP
process. While TFC-6 produced higher and more reproducible TFC membranes compared to
TFC-2, the TFC-7 membranes appeared to outperform all previous TFCs. The set of
measurements performed for TFC-7 possessed a low standard deviation for both salt rejection
and water flux. Although the water flux was lower than TFC-4 and TFC-6, the high salt
rejection combined with the low standard deviation between measurements led to the choice
of TFC-7 as the TFC formulation to be used for the investigations that followed. The reasoning
for choosing TFC-7, despite the low water flux, was that the addition of GO and fxn-GO to the
PA layer would likely lead to improvements in the water flux. Therefore, the high salt rejection
of TFC-7 was prioritized at this stage.
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5.2.3 Final TFC Membrane
Upon selecting TFC-7 as the TFC to be used throughout this work, BET and SEM studies were
conducted to analyze the morphology of each membrane. Figures 5.21 and 5.22 show the BET
differential volume versus the pore size plots for TFC-7, and Figures 5.23 and 5.24 show the
differential surface area versus pore size plots for the same membrane. Figure 5.25 presents
high-magnification SEM images for TFC-7, showing the PA layer atop the membrane.

Figure 5.21: Differential pore volume versus pore width for the TFC-7 sample
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Figure 5.22: Differential pore volume versus pore width for the TFC-7 sample for the microporous
range.

Figure 5.23: Differential pore surface area versus pore width for the TFC-7 sample.
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Figure 5.24: Differential pore surface area versus pore width for the TFC-7 sample for the microporous
range.
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(b)

(a)

PA Layer

(c)

(d)

Figure 5.25: High-magnification SEM images of the best-performing TFC membrane (TFC-7) with the
following specifications: (a) cross-sectional with 15,000X magnification (b) cross-sectional with 60,000X
magnification (c) surface with 10,000X magnification, (d) surface with 25,000X magnification. The PA
layer thickness was measured to be 99.03 nm.

Before delving into the BET and SEM data for TFC-7, it is crucial to address the performance
of the TFC membrane. The average salt rejection of an Na2SO4 solution across three different
samples was measured to be 97.47 ± 1.29%, and the PWP was measured to be 0.53 ± 0.03 Lm2h-1bar-1. Comparable findings are reported in the literature.152,153 The SEM images show a
seemingly uniform PA layer on the TFC membrane. It is evident from the SEM images in
Figure 5.25 that the thickness of the PA layer (99.03 nm) is comparable to other literature
sources.65,89 The surface images show the typical ridge-and-valley morphology of the PA layer
atop the PES support, which is also supported in the literature.152
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The BET differential pore volume plots showed that the largest differential pore volume
values occurred at pore widths of 117.2 nm. Compared to the previous support samples, it is
evident that the micropores in the TFC occupy a higher maximum differential volume (0.33
cm3/g) but exhibit a similar pore width range in the microporous regime. It is additionally
worth noting that, with the TFC, there is the emergence of mesopores in the 5-10 nm range.
The TFCs show a BET surface area of 33.56 m2/g and an average pore width of 15.68 nm,
which is not a significant deviation from previous support samples. Finally, the differential
surface area versus pore width distributions exhibit an extremely sharp peak for the
micropores between 1.5-2 nm, potentially highlighting the large number of these pores
compared to previous support samples. The conclusion that can be drawn from these results
is that, while the average porosity of the TFCs is not significantly different from the support
samples, there appears to be an emergence of smaller pores compared to the support samples
(both in the micro- and mesoporous range), which is associated with the rejection layer formed
by IP process on the surface of the support. The emergence of these smaller pores seems to be
aligned with the high salt rejection and low PWP for the TFC membranes.

5.3 Plain GO TFN Membranes
Upon selecting TFC-7 for further studies, the next step was to embed a range of unfunctionalized GO concentrations in the PA layer. The purpose of this stage was to understand
the effects of GO on the morphology and performance of the membranes, and to select the
appropriate concentrations to embed the functionalized GO. Before proceeding with the
addition of the GO into the TFN membranes, it was necessary to verify the GO structure using
TEM. Figure 5.26 below shows a TEM image of the un-functionalized GO. The image shows
the anticipated lamellar structure of the GO sheet. Additionally, the lateral size was measured
to be 4175 nm - which is in accordance with the specifications of the manufacturer. The 4
different wt/vol% GO concentrations used are listed in the previous chapter. While the lowest
concentration used (5x10-4 wt/vol%) is not often used in the literature, the other
concentrations are found in the literature for the testing of TFNs.154 The impetus for attempting
the 5x10-4 wt/vol% concentration was to observe a trend in the salt rejection and PWP and to
understand the effects of a low concentration on the morphology and performance of the
TFNs. In order to assess the effects of the various GO concentrations, all performance analyses
were compared to the TFC-7 membranes.
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Figure 5.26: TEM image of the un-functionalized GO flakes showing the typical lamellar morphology
for GO. The lateral size of the center-most flake was measured to be 4175 nm, which is in accordance
with the specifications of the manufacturer of this nanomaterial.155

5.3.1 BET Studies
Various BET studies were conducted to analyze the porosity of each plain GO TFN membrane.
Figures 5.27 and 5.28 show the differential pore volume versus pore width for TFN-1, TFN-2,
TFN-3, and TFN-4 compared to TFC-7, and Figures 5.29 and 5.30 display the differential pore
surface area versus pore width for all the aforementioned samples compared to TFC-7. Table
5.3 highlights the average surface areas and average pore widths for each sample.
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Figure 5.27: Overlayed plots of the differential pore volume versus pore width for TFC-7, TFN-1, TFN2, TFN-3, and TFN-4.

Figure 5.28: Overlayed plots of the differential pore volume versus pore width for the microporous
range for TFC-7, TFN-1, TFN-2, TFN-3, and TFN-4.
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Figure 5.29: Overlayed plots of the differential surface area versus pore width for TFC-7, TFN-1, TFN2, TFN-3, and TFN-4.

Figure 5.30: Overlayed plots of the differential surface area versus pore width for the microporous range
for TFC-7, TFN-1, TFN-2, TFN-3, and TFN-4.
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Table 5.3: Table showing the BET surface area and average pore widths for TFC-7, TFN-1, TFN-2,
TFN-3, and TFN-4.

Sample

GO (wt/vol%)

BET Surface

Average Pore

Area (m2/g)

Width (nm)

TFC-7

0

33.56

15.68

TFN-1

5x10-4

27.71

14.01

TFN-2

1x10-3

28.22

12.80

TFN-3

1x10-2

32.39

12.07

TFN-4

1x10-1

30.12

12.84

Upon analyzing the BET plots, some information could be gleaned on the pore size
distributions for the TFN samples. By studying Table 5.3, it appeared that TFN samples did
not greatly deviate from one another in terms of BET surface area and average pore width.
When comparing the pore size distributions between each sample, it is evident that the
samples do appear to deviate slightly from TFC-7. Firstly, there is the appearance of
mesopores between 2.5-3.5 nm in all of the TFN samples, whereas the TFC sample shows that
these mesopores appear to be greater than 5 nm. Additionally, the differential surface areas
for micropores in the TFC sample appear to be greater than other TFN samples with an
approximately sequential decrease in the differential surface areas as the GO concentration
was increased. This seems to indicate that the TFC possesses a higher salt rejection due to the
increased number of micropores compared to the other TFN samples. The conclusion of the
BET studies is that, while the averaged porosity parameters are similar, the pore size
distributions may indicate some changes in the surface of the membranes following GO
modification; this may suggest that the presence of GO on the surface leads to the formation
of slightly larger mesopores in the membrane.

5.3.2 Performance Studies
The aim of measuring the performance was to understand the effect of adding GO to the TFC
membrane, and also identify the GO concentration to use for the use of functionalized
graphene oxide with the aim of maintaining high salt rejection, whilst having a high water
flux. All samples were compared to the TFC-7 membrane. Figure 5.31 below displays the salt
rejection and PWP for each sample in a graphical format, and Table 5.4 shows the salt rejection
and PWP values compared to the TFC-7 membrane. In Table 5.4, the percentage changes of
the water flux and salt rejection compared to the TFC-7 membrane are displayed. The
percentage changes relative to TFC-7 are then presented in graphical format in Figure 5.32.
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Generally, as more nanomaterial was added, the water flux was measured to increase in
comparison to the blank TFC.
(b)

(a)

Figure 5.31: Desalination performance data for the plain GO trials in triplicate. Pure water flux data is
shown in (a) and salt rejection data is shown in (b). All pure water flux and salt rejection data was
collected at 6 bar after 30 minutes of compaction at 8 bar. The salt solution used was a 5,000 PPM Na2SO4
solution.
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Table 5.4: Table showing the performance characteristics for all GO trials in comparison to TFC-7.

PWP
Sample

Relative

GO
(wt/vol%)

PWP (Lm-2h-1bar-1)

Change
from TFC

Salt Rejection
Salt Rejection

Relative

(%)

Change from
TFC (%)

(%)
TFC-7

0

0.53 ± 0.03

+0.00

97.47 ± 1.29

-0.00

TFN-1

5x10-4

0.54 ± 0.09

+1.70

87.96 ± 4.55

-9.76

TFN-2

1x10-3

0.75 ± 0.07

+42.04

87.91 ± 8.07

-9.81

TFN-3

1x10-2

3.04 ± 0.17

+475.48

67.84 ± 3.36

-30.40

TFN-4

1x10-1

3.29 ± 0.38

+523.17

63.83 ± 5.77

-34.51

(b)

(a)

Figure 5.32: Pure water flux improvement (a) and salt rejection decrease (b) for each plain GO trial
relative to TFC-7.
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The results of the membrane performance studies revealed some potentially impactful
information on the effects of GO addition to the overall membrane formulation. The collected
data indicate that, as the concentration of GO increases in the PA layer, the water flux increases
in combination with a decrease of the salt rejection. This behavior is aligned with reports in
the literature, and while the causative factor for this behavior is a point of contention, some
papers argue that the GO hydrophilicity may lead to an easier facilitation of water and a higher
flux.89 Additionally, it appeared that there was a significant “jump” in the water flux and salt
rejection at concentrations of 1x10-3 to 1x10-2 wt/vol% GO as shown in Figure 5.32. This
behavior is also found in the literature, and it is argued that there is a threshold GO
concentration (0.015 wt/vol% in one example) that leads to an increase in the path length of
the water flowing through the membrane, leading to sharp compromises in the water flux.154
In combination with the performance data, the BET data indicates that the presence of larger
mesopores at high concentrations may contribute to the decreases in salt rejection.
The key verdict that was made upon measuring the data was that the higher and lowest
concentrations of GO in the membranes (TFN-1 and TFN-4) showed an unacceptable
deterioration of the salt rejection and water flux, respectively. This can clearly be seen in
Figure 5.32. Based on these findings, it was determined that the TFN formulations to
incorporate the functionalized GO would be TFN-2 and TFN-3. For TFN-1, the improvement
in water flux from TFC-7 was insignificant (+1.7%), and it was determined that the addition
of functionalized GO would likely not yield a membrane with an improved water flux. For
TFN-4, the deterioration in the salt rejection was deemed too high, and it was predicted that
the addition of the functionalized GO would likely not improve the salt rejection to yield a
TFN membrane with a >90% Na2SO4 rejection. Therefore, based on the performance results, it
was determined that TFN-2 (1x10-3 wt/vol% GO) and TFN-3 (1x10-2 wt/vol% GO) would be
most suitable for the addition of functionalized GO.

5.3.4 Contact Angle Analysis
Contact angle measurements are presented in Figure 5.33 below. The goal of the
measurements was to assess the effects of embedding GO within the PA layer on the
hydrophilicity of each TFN. Specifically, the aim was to analyze a trend or a pattern that occurs
upon increasing the amount of GO within the PA layer. As previously mentioned, numerous
literature sources ascribe the increase in water flux of GO-based TFN membranes to the
hydrophilicity of the GO’s oxygen-containing functional groups.89,90 Therefore, it was
necessary to determine the effect of increasing GO concentrations on the TFN samples that
were synthesized throughout this work.
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Figure 5.33: Contact angle results for each plain GO TFN membrane measured in triplicate.

As shown in Figure 5.33 above, the addition of increasing concentrations of GO into the PA
layer did not establish a straightforward trend in the hydrophilicity of the membranes. Upon
increasing the concentration from 5x10-4 to 1x10-3 wt/vol% GO, there was a marked increase
in the hydrophilicity of the membranes. However, upon increasing the concentration of GO
further (1x10-2 and 1x10-1 wt/vol%), the contact angle was seen to increase, marking an
apparent decrease in the surface hydrophilicity. While this may appear counterintuitive, this
behavior has been noted in the literature: For example, Yin et al. noted an increase in the
contact angle value as the GO content was increased from 0.005 wt% to 0.01 wt% in their TFN
membranes.89 In another example of this behavior, Kang et al. noted a slight increase in the
contact angle by increasing the concentration of sulfonated GO in their TFN membranes at
higher concentration ranges.156 The authors argued that this occurred due to the
agglomeration of the nanomaterials within the PA layer. This may be the causative factor in
the contact angle increase in Figure 5.33; and it is argued that, using this methodology for TFN
formation, the addition of high GO concentrations led to the agglomeration of the GO particles
atop the TFN surface and the consequent decrease in the hydrophilicity of the TFN surface.
Therefore, it was not possible to ascribe the water flux increases of the GO TFNs solely to an
increase in the hydrophilicity of the membranes.
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5.4 GO Functionalization
In order to assess the successful functionalization of the GO sheets with ethylenediamine
(EDA), FT-IR and Raman studies were performed. The employment of FT-IR and Raman to
gauge production of EDA-GO is frequently employed in the literature.61,93 Figures 5.34 and
5.35 display the FT-IR and Raman spectra, respectively. Both figures compare the spectrum
obtained for the plain GO with the functionalized GO and identifies the differences between
each sample. In addition to FT-IR and Raman techniques, TEM imaging was used to observe
the structure of the fxn-GO in Figure 5.36.

a

c
b

Figure 5.34: FT-IR of the plain GO (top) versus the functionalized GO (bottom) in a stacked format. The
following key points are highlighted: (a) Disappearance of the C=O stretch (1710 cm-1), (b) Appearance
of N-H in-plane stretch (1540 cm-1), (c) Disappearance of C-O-C stretch (1230 cm-1).
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Figure 5.35: Raman plot of the plain GO (top) and the amine-functionalized GO (bottom). The key peaks
of note are the D-band peak (left, ~1340 cm-1) and the G-band peak (right, ~1580 cm-1).
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Figure 5.36: TEM image of the functionalized GO sheet. The flake exhibits the typical lamellar
morphology for GO, with some crumpling of the individual sheet.

Upon analyzing the FT-IR data shown in Figure 5.34, it was crucial to take note of the peaks
for the GO starting material before analyzing the effects of EDA functionalization. The key
peaks of note for the plain GO were as follows: The broad O-H stretch (3438 cm-1), the C=O
carboxyl stretch (1704 cm-1), the epoxy C-O-C stretch (~1230 cm-1), and the C=C stretch (1629
cm-1).93 The presence of these peaks confirmed that the GO starting material was likely
suitable for use in the TFN and functionalization experiments. Following EDA
functionalization, the key FT-IR peak changes for the functionalized GO (fxn-GO) were as
follows: Firstly, there appeared to be a reduction in the C=O carboxyl stretch at 1704 cm-1,
indicating the reduction of the oxygen-containing functional groups by EDA in GO.157
Additionally, the disappearance of the C-O-C epoxy stretch at 1230 cm-1 was ascribed to be
due to the attachment with the incoming amine moiety.158 Finally, the appearance of the
“shoulder” peak at 1545 cm-1 is determined to indicate the presence of C-N scissoring bands,
indicating the presence of the C-N bond.157 The obtained FT-IR results pointed to the
successful formation of the EDA-functionalized GO.
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Raman spectroscopy was used in conjunction with FT-IR to determine the success of GO
functionalization. This method is qualitatively used to assess the structural disorder in the
functionalized GO in comparison to the plain GO. The two characteristics peaks of note in the
Raman spectrum were the prominent peaks at ~1350 cm-1 (D band) and ~1590 cm-1 (G band).
The D band reflects the degree of sp3 hybridization in the GO, and is also attributed to the
degree of disorder in the graphitic structure. The G band, on the other hand, reflects the degree
of sp2 hybridization in the GO structure. The key aspect in the functionalization of GO was
the change in the intensity ratio between the D and G bands (ID/IG). A higher ID/IG ratio
generally indicates a decrease in the sp2 character of the GO and an increase in the GO
structural disorder. Due to the binding of the NH2 groups with the GO, the literature indicates
that this leads to more basal and edge plane defects, which is reflected in the increase of the
ID/IG ratio.158
By observing the TEM image of the fxn-GO sheet shown in Figure 5.36, it is evident that the
functionalization process did not appear to significantly alter the morphology of the GO. This
finding is consistent with the literature.93 Additionally, the TEM image demonstrated a
“crumpling” or folding of the fxn-GO sheet, which may be due to the increased electrostatic
interaction upon aminating the GO sheet. The aforementioned finding, combined with the
identified peaks in the FT-IR and Raman spectra, indicated the likely modification of GO with
EDA.

5.5 Functionalized GO TFN Membranes
TFN-2 (1x10-3 wt/vol% GO) and TFN-3 (1x10-2 wt/vol% GO) were the samples chosen to
replicate using the functionalized GO. This led to the synthesis of fTFN-2 (1x10-3 wt/vol% fxnGO) and fTFN-3 (1x10-2 wt/vol% fxn-GO). Both fTFN-2 and fTFN-3 incorporated the
functionalized GO produced in Section 5.4 into TFC-7 using the same procedure and
concentration as TFN-2 and TFN-3, respectively. The aim of using the functionalized GO was
to possibly improve the salt rejection as a result of better interactions between the NH2 groups,
for those TFN samples selected for their acceptable water flux performance. These membranes
were characterized using BET, SEM, contact angle, and desalination performance studies.

88

5.5.1 BET Studies
To understand the pore size distributions for each sample, BET studies were performed in a
similar fashion to the plain GO studies. Figures 5.37 and 5.38 show the differential pore
volume versus pore width for TFN-2, TFN-3, fTFN-2 and fTFN-3 compared to TFC-7. Figures
5.39 and 5.40 display the differential pore surface area versus pore width for all the
aforementioned samples compared to TFC-7. Table 5.5 highlights the average surface areas
and average pore widths for each sample.

Figure 5.37: Overlayed plots of the differential pore volume versus pore width for TFC-7, TFN-2, fTFN2, TFN-3, and fTFN-3.
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Figure 5.38: Overlayed plots of the differential pore volume versus pore width for the microporous
range for TFC-7, TFN-2, fTFN-2, TFN-3, and fTFN-3.

Figure 5.39: Overlayed plots of the differential pore surface area versus pore width for TFC-7, TFN-2,
fTFN-2, TFN-3, and fTFN-3.
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Figure 5.40: Overlayed plots of the differential pore surface area versus pore width for the microporous
range for TFC-7, TFN-2, fTFN-2, TFN-3, and fTFN-3.

Table 5.5: Table showing the BET surface area and average pore widths for TFC-7, TFN-2, fTFN-2,
TFN-3, and fTFN-3.

Sample

GO (wt/vol%)

BET Surface

Average Pore

Area (m2/g)

Width (nm)

TFC-7

0

33.56

15.68

TFN-2

1x10-3

28.22

12.80

fTFN-2

1x10-3 (funct.)

30.10

12.69

TFN-3

1x10-2

32.39

12.07

fTFN-3

1x10-2 (funct.)

28.61

13.36
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The BET plots revealed some important information regarding the functionalized GO samples.
Table 5.5 showed that the fxn-GO TFN samples were not significantly different in terms of
BET surface area and average pore width. The pore size distributions between each sample
revealed more information on the effects of functionalized GO on the TFN membranes. The
key takeaway from the pore size distributions is that the fTFN-3 sample appeared to have an
interconnected pore structure in the mesoporous range, which may contribute to a high flux
and low salt rejection. In a similar vein as the plain GO TFNs, the fxn-GO TFNs appeared to
have mesopores in the 2.5-3.5 nm range as opposed to the higher pore width mesopores that
arose in TFC-7. In conclusion, the BET studies revealed that the fTFN-2 sample exhibited a
similar pore size distribution to its counterpart (TFN-2), while the fTFN-3 sample appeared
to be more affected by the higher concentration of fxn-GO showing an interconnected
mesoporous structure.

5.5.2 Performance Studies
The fTFN-2 and fTFN-3 samples were compared against the TFN-2 and TFN-3 samples,
respectively. Figure 5.41 below displays the salt rejection and PWP for each sample in a
graphical format, and Table 5.6 shows the salt rejection and PWP values compared to the TFC7 membrane. The percentage change of the water flux and salt rejection compared to the TFC7 membrane are also displayed in Table 5.6. The percentage changes relative to TFC-7 are then
presented in graphical format in Figure 5.42.
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(b)

(a)

Figure 5.41: Desalination performance data comparing the functionalized GO samples (fTFN-2 and
fTFN-3) to TFC-7 as well as the un-functionalized GO samples of the same concentration (TFN-2 and
TFN-3). Pure water flux is shown in (a) and salt rejection is shown in (b). All flux and salt rejection data
were collected at 6 bar after 30 minutes of compaction at 8 bar. The salt solution used was a 5,000 PPM
Na2SO4 solution.

Table 5.6: Table showing the performance characteristics for functionalized and plain GO trials shown
in Figure 5.41 in comparison to TFC-7.

PWP
Sample

GO

PWP (Lm-2h-1bar-1)

(wt/vol%)

Salt Rejection

Relative

Salt Rejection

Relative

Change from

(%)

Change from

TFC (%)

TFC (%)

TFC-7

0

0.53 ± 0.03

+0.00

97.47 ± 1.29

-0.00

TFN-2

1x10-3

0.75 ± 0.07

+42.04

87.91 ± 8.07

-9.81

fTFN-2

1x10-3
(funct.)
1x10-2

0.75 ± 0.06

+42.00

92.37 ± 1.97

-5.23

3.04 ± 0.17

+475.48

67.84 ± 3.36

-30.40

2.42 ± 0.20

+359.36

72.32 ± 2.04

-25.80

TFN-3
fTFN-3

1x10-2
(funct.)
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(b)

(a)

Figure 5.42: Pure water flux improvement (a) and salt rejection decrease (b) for each functionalized GO
trial relative to TFC-7.

The performance results revealed some crucial information regarding the implementation of
the functionalized GO within the PA layer. fTFN-3 showed a compromise in the water flux
compared to TFN-3, while exhibiting a 4.48% improvement in the salt rejection relative to
TFN-3. While a +359.36% water flux enhancement to TFC-7 was a positive result, the Na2SO4
rejection of 72.32 ± 2.04% was deemed unsuitable for an RO desalination membrane. fTFN-2,
on the other hand, showed more positive findings: while the water flux improvement from
TFC-7 remained relatively unchanged, the 4.46% increase in salt rejection compared to TFN2 was a favorable result. Thus, with a 42% improvement in the water flux compared to the
blank TFC and a minimal compromise in the salt rejection (5.23%) to yield a 92.37 ± 1.97%
Na2SO4 rejection, fTFN-2 was selected as the optimal membrane formulation in all previous
desalination trials. This process led to the synthesis of a novel TFN membrane using a PES
support and a PA layer embedded with EDA-functionalized GO. In agreement with previous
work, it is hypothesized that the presence of the -NH2 groups on the GO allowed for the GO
to take part in the IP reaction between MPD and TMC through more optimal cross-linking,
and to led to a better-performing TFN membrane.113 In accordance with the work of Shao et
al, it was hypothesized that the imparting of the -NH2 groups on the GO allowed for the
formation of a smoother PA layer that was pivotal in rejecting incoming salt.93 SEM images
were used to assess the morphology of the TFN membranes to test this hypothesis, and are
shown in Figure 5.43 below.
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5.5.3 SEM Studies

(b)

(a)

GO agglomerates

(c)

(d)

(e)

(f)

Fxn-GO Flake

GO Flake

Figure 5.43: FE-SEM of TFN-2 (a,c,e) versus fTFN-2 (b,d,f) with: (a) Cross-section (CS) at 15,000x with
GO agglomerates, (b) CS at 15,000x showing a smoother PA layer, (c) CS at 60,000x, (d) CS at 60,000x
(e) surface at 25,000x showing GO flake (f) surface at 25,000x with GO flake embedded in the PA layer.
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The SEM images in Figure 5.43 reveal interesting morphological information on the fTFN-2
membrane. Firstly, by comparing Figures 5.43 (a) and (b), it is evident that the TFN-2
membrane possesses some inconsistencies in the GO-embedded PA layer. As indicated within
the SEM images, the PA layer does not appear to be spread across the support in a
homogeneous fashion and appears to exhibit some GO agglomerates. In Figure 5.43 (b),
however, the fTFN-2 membrane evidently possesses a significantly more uniform PA layer
embedded with fxn-GO, which may be due to the participation of the fxn-GO in the IP
reaction. Figures 5.43 (c) and (d) further focus on the structures of the PA layer, and likely
show a “clump” of GO-embedded PA layer atop TFN-2 and a significantly smoother PA layer
for fTFN-2. By observing the surface images in Figures 5.43 (e) and (f), a similar conclusion
can be drawn: while the GO in TFN-2 appears to sit atop the PA layer, the fxn-GO appears to
have incorporated itself within the surface of the PA layer in Figure 5.43 (f). In conclusion, the
incorporation of the diamine-functionalized GO within the PA layer appears to lead to a
smoother and more uniform rejection layer atop the PES support. With regards to the
morphology of the surface, the ridge-and-valley structure appears to be retained in both TFN
membranes, although Figure 5.43 (f) shows a portion of the PA layer covering the fxn-GO.

5.5.4 Contact Angle Analysis
Contact angle measurements were conducted to assess the effects of the fxn-GO on the
hydrophilicity of the membrane’s surface. The measurements are displayed in graphical
format in Figure 5.44 below.

Figure 5.44: Contact angle results for each functionalized GO TFN (fTFN-2 and fTFN-3) relative to
their un-functionalized counterparts (TFN-2 and TFN-3). All measurements were made in triplicate.
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As shown in Figure 5.44 above, the functionalization of the GO with EDA led to successive
increases in the contact angle compared to the un-functionalized GO, indicating a decrease in
the hydrophilicity upon functionalization. This behavior is observed in the work of Parsamehr
et al, where the authors produced a GO-based membrane that was cross-linked with
polyethyleneimine for desalination applications.159 While the structure of their final
membrane was not identical to this work, it highlights an important point: The authors argued
that the incorporation of the amine-functionalized GO led to the replacement of various
oxygen-containing functional groups with longer alkyl chains, which led to a consequent
decrease in the hydrophilicity of their membrane surface. While the EDA-GO possesses
functional groups with shorter alkyl chains than polyethyleneimine, the FT-IR spectrum in
Figure 5.34 points to the replacement of oxygen-containing functionalities with the intended
diamine groups. This may indicate the decrease in hydrophilicity between the unfunctionalized and functionalized GO TFN membranes. The decrease in hydrophilicity
observed may be a causative factor in the decrease in PWP between TFN-2 and fTFN-2, as
well as between TFN-3 and fTFN-3.
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Chapter 6

Conclusion & Future Work
This work presents the synthesis and characterization of a novel thin-film nanocomposite
(TFN) membrane for desalination applications. The TFN membrane is based on a
polyethersulfone (PES) support, where the polyamide (PA) layer was embedded with aminefunctionalized graphene oxide (GO). Compared to the blank thin-film composite (TFC)
membrane, the best-performing TFN (fTFN-2) had a 42% improvement in the water flux with
a limited 5.23% decrease in the salt rejection. Preceding the formation of the PA layer and the
embedding of the nanomaterials, the support layer was optimized in order to yield a high
pure water permeability (PWP). The following information was gleaned from undergoing the
support optimization process:
1)

The casting of a 15 wt% PES polymer solution led to inhomogeneous
membranes, and the preparation of a 20 wt% PES solution led to the coagulation
of the solution.

2)

The addition of polyvinylpyrrolidone (PVP) in the polymer cast solution
generally led to the formation of membranes with increasing PWP values.

3)

According to the BET data, the addition of PVP was found to lead to the
formation of a greater number of micropores in the support membrane.

4)

The SEM data indicated that the addition of PVP created more macrovoids in
the sublayer of the support.

5)

Amongst 3 trials for the membrane support, the membrane with the highest
PWP value was comprised of 2.5 wt% PVP and 15 wt% PES dissolved in 82.5
wt% dimethylformamide (DMF).

Upon selecting the support formulation of choice, the PA layer was deposited atop the PESbased support using a variety of methods. The goal of the formation of the PA layer was to
obtain a thin-film composite (TFC) membrane with a high salt rejection, as the addition of the
nanofillers was expected to improve the water flux. The following information was obtained
from the formation of the PA layer:
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1)

The technique that yielded the TFC with the highest salt rejection entailed using vacuum
filtration to add the m-phenylenediamine (MPD) monomer to the support, and to then
add the trimesoyl chloride (TMC) monomer to the support in a sealed glass mold.

2)

The use of the aforementioned technique with a 2 wt/vol% MPD solution, a 0.1
wt/vol% TMC solution, and a thermal annealing temperature of 80°C for 10 minutes
yielded a TFC membrane with a salt rejection of 97.47 ± 1.29% and a PWP of 0.53 ± 0.03
Lm-2h-1bar-1.

Upon choosing the above TFC membrane as the “blank”, un-functionalized GO was
incorporated into the PA layer in various concentrations. The goal was to choose a
concentration for the eventual addition of the functionalized GO in the PA layer. The
following conclusions were made during this process:
1)

As the concentration of GO was increased from 5x10-4 to 1x10-1 wt/vol%, the PWP
improved, while the salt rejection generally decreased in comparison to the blank TFC.
There was a large “jump” in the PWP and consequent compromise in the salt rejection
when going from a GO concentration of 1x10-3 to 1x10-2 wt/vol%.

2)

The BET data suggested that the TFC possessed a greater number of micropores
compared to the TFN membranes; these micropores are believed to be responsible for
the higher salt rejection values for the TFC membrane.

3)

Increasing the concentration of the GO within the PA layer led to an increase in the
hydrophilicity of the membrane surface at lower concentrations but exhibited
decreasing hydrophilicity at higher GO concentrations, possibly due to GO
agglomeration. Thus, the improvement in flux with increasing GO concentration could
not be correlated solely to the hydrophilicity of the membrane surface.

4)

The chosen concentrations to embed the functionalized GO were 1x10-3 and 1x10-2
wt/vol%, as the remaining GO concentrations led to either unacceptable water flux or
salt rejection values.

After confirming the functionalization of GO with the ethylenediamine (EDA), the
functionalized GO was embedded into the PA layer and the following conclusions were
drawn:
1)

The optimal TFN membrane contained 1x10-3 wt/vol% of functionalized GO. This
membrane had a 42% improvement in the water flux and a 5.23% decrease in the salt
rejection compared to the blank TFC, giving a final salt rejection of 92.37 ± 1.97%.

2)

According to the BET data, the TFN membrane with 1x10-2 wt/vol% functionalized GO
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exhibited an interconnected mesopore structure, suggesting that the nanomaterial was
not incorporated in the same fashion as the 1x10-3 wt/vol% TFN.
3)

By analyzing the SEM data, it appeared that the functionalization of the GO led to a
smoother and more uniform PA layer with less GO agglomeration on the surface of the
TFN.

4)

The hydrophilicity of the TFN surface was found to decrease upon adding the
functionalized GO, likely due to the replacement of the oxygen-containing functional
groups with amine groups.

To summarize the overall findings of this work; the addition of PVP in the polymer cast
solution was found to lead to the formation of more micropores and macropores, and the
support with the highest PWP value was the 15 wt% PES and 2.5 wt% PVP formulation (S3).
With regards to the blank TFC, the vacuum filtration and sealed mold technique combined
led to a 97.5% salt rejection, and this was hypothesized to be due to the formation of
micropores on the TFC surface. The effect of adding the plain GO in the PA layer was the
improvement of the water flux and the decline of the salt rejection; the embedding of the
functionalized GO improved the salt rejection and suggested the formation of a smoother PA
layer in comparison to the un-functionalized GO. The final TFN membrane (fTFN-2) showed
a 42% improvement in the water flux and a limited 5.23% decrease in the salt rejection
compared to the blank TFC. Numerous experiments can be carried out in the future in order
to understand more about the results obtained in this work. These studies include:
1)

The use of poremeter measurements to confirm the correlation of increasing PVP
additives to the increased formation of macrovoids in the PES support layer. Following
this, it would be interesting to study the effect of macrovoid formation on the PWP of
the support membrane.

2)

The comparison of the desalination performance of TFN membranes in which the
GO/functionalized GO is added in the organic component of the IP reaction rather than
the aqueous component of the IP reaction as followed in the current study.

3)

Investigating the effect of functionalizing the GO with higher-length diamine molecules
on the desalination performance of TFN membranes.

4)

Correlating the degree of functionalization of the GO to the desalination performance
of the TFN membranes.

5)

Measuring the anti-fouling capabilities of the fxn-GO TFN membranes.

6)

Measuring the desalination performance of TFN membranes embedded with a higher
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range of concentrations of functionalized and un-functionalized GO.
7)

Measuring the reusability of the functionalized and un-functionalized GO TFN
membranes under realistic desalination conditions.
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